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ABSTRACT
 
Complete filling of a deep recessed structure with a second material is a challenge 
in many areas of nanotechnology fabrication, including MEMS devices, metallization and 
shallow trench isolation (STI) in integrated circuits. For structures with straight sidewalls, 
uniform coating methods – including chemical vapor deposition (CVD) or atomic layer 
deposition (ALD) – typically form a void or region of low density (seam) along the 
centerline of the feature because the transport of precursor molecules to the bottom 
becomes rate limiting. These defects undermine device properties and methods are 
needed to afford complete filling. One approach is to taper the two sidewalls slightly 
inwards. However, the requirement for tapering is an undesirable constraint both for 
device design and fabrication.  A more general approach is to develop a process for 
superconformal film growth, in which the growth rate increases with depth. Previously, 
only specialized processes, including iodine catalyzed Cu growth or high-density plasma 
CVD, have provided super-conformal coating and complete filling.  
In this dissertation, I report a newly discovered and general method to achieve 
super-conformal coating suitable for two-molecule CVD at low temperatures, which 
makes use of the difference in diffusivities in combination with the competition for 
surface adsorption sites between the molecules involved. The partial pressures above the 
opening are set such that the slower diffusing species is in excess, which reduces the 
growth rate below the peak value. Within the structure, film growth on the sidewalls 
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reduces the partial pressures; the pressure drop is greater for the slower diffusing species, 
such that the ratio of partial pressures progressively shifts towards a larger growth rate. 
However, the position at which the peak rate occurs must not be above the bottom of the 
structure, otherwise the growth rate will fall at greater depths, leading to incomplete 
filling.  
We demonstrate and quantify the superconformal coating effect for the CVD of 
MgO films using Mg(DMADB)2 as the precursor and H2O as the co-reactant at 220 °C. 
The growth kinetics on planar substrates fit to a first-order adsorption-reaction model. 
We use a diffusion-reaction formalism to derive a general theory of superconformal 
growth as a function of AR, species diffusivities, and variation of growth rate vs. partial 
pressures. The theory predicts, for the MgO system, the possibility of superconformal 
growth in trenches with AR  20. We demonstrate the effect experimentally for a 
macroscopic trench with AR = 18, and for a microscopic trench of AR = 9. We also 
identify other systems that are promising candidates for superconformal growth.  
Filling is a dynamic process where the trench progressively narrows with depth; 
this reduces species transport and may eventually move the partial pressure ratio out of 
the regime for superconformal coating. We therefore derive two theoretical models that 
can model and predict the possibility for filling in a V-shaped structure. First, we recast 
the diffusion-reaction equation for the case of a sidewall with variable taper angle. This 
affords a definition of effective AR, which is larger than the nominal AR due to the 
reduced species transport. This model shows that the critical (most difficult) step in the 
filling process occurs when the sidewalls merge at the bottom to form the V shape trench. 
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For Mg(DMADB)2 / H2O system and a starting AR = 9, this model predicts that complete 
filling will not be possible, whereas experimentally we do obtain complete filling. We 
then hypothesize that glancing-angle, long-range transport of species may be responsible 
for the better than predicted filling. To account for the variable range of species transport, 
we construct a ballistic transport and reaction model. This incorporates the incident flux 
from outside the structure, cosine law re-emission from surfaces, and line-of-sight 
transport between internal surfaces. We cast the transport probability between all 
positions into a matrix that represents the redistribution of flux after one cycle of 
collisions. Matrix manipulation then affords a computationally efficient means to 
determine the steady-state flux distribution and growth rate for a given taper angle. The 
ballistic transport model predicts a deeper position for the peak of the super-conformal 
growth rate than the diffusion-reaction model, and successfully explains the observation 
of complete filling. These models can be used to predict the behavior of any system given 
a small set of kinetic coefficients to describe the growth rate. 
This dissertation also reports the growth of a variety of oxide thin films on planar 
substrates using DMADB-based precursors, synthesized by Professor G. S. Girolami, 
which contain Ti or rare earth (RE) metal centers. Similar to the results for 
Mg(DMADB)2, these precursors react with water to yield high quality oxide films.  
Ti(DMADB)2 affords mixed-phase TiO2 film of high purity at 350 - 450 °C. Y2O3 film 
containing ~ 4 at. % boron is deposited on Si (100) substrates at 230 - 300 °C. Erbium 
oxide does not nucleate well on silicon, but deposits well over pre-deposited MgO. RE 
doping, which is important for the fabrication of devices based on luminescence, is 
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investigated. In-situ Tm doping into MgO and Er doping into Y2O3 are achieved.  In 
addition, we explore the use of the Mg(DMADB)2 precursor for film growth in ALD 
mode with H2O as the co-reactant.  We determine that ALD can be performed in the 
temperature window 165-210 °C, with a higher growth rate per cycle than has been 
reported for any other Mg-bearing precursor.    
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CHAPTER 1 
INTRODUCTION 
 
1.1  Motivation – Complete Filling in Straight Wall Structures 
As the manufacturing technology has improved to nanometer size, an increasing 
number of applications requires filling of desired material into pre-defined structures of 
this dimension. Interesting and useful properties of nanoscale devices often arise when 
two or more materials with contrasting physical properties are arranged in a 3-
dimensional structure that enhances the optical, electronic, mechanical or thermal 
response [1]. For example, infiltration of a second material into SiO2 opal structures is 
able to form complete photonic crystals, and strong photoluminescence is achieved when 
doped with luminescent centers during filling [2,3]; inside trench, waveguide made of 
alternating deposition of two kinds of material with different refractive indices till 
complete filling allows the fine tuning of the refractive index of the whole device [4]. To 
achieve filling for nanometer size structures, conformal gas phase coating techniques, 
like Chemical Vapor Deposition (CVD) or Atomic Layer Deposition (ALD) are typically 
applied, due to the much lower sticking probability compared with Physical Vapor 
Deposition (PVD) [5,6]. However, filling is still a challenge for high aspect ratio (AR) 
structures. 
1.1.1 Integrated Circuits 
Microelectronic devices have continuously been reduced in size and increased in 
packing density on the chip, essentially following Moore’s Law. However, this trend 
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involves significant challenges in materials fabrication. To achieve a higher packing 
density, the aspect ratio (AR) of structures must be increased; uniform coating and 
complete filling are difficult to achieve in such deep structures. Leading examples 
include Cu metallization and shallow trench isolation [7]. Filling defects include trapped 
void space or the formation of a low density “seam” along the centerline [8]. Alternating 
CVD and plasma etching has been employed to eliminate pinch off and achieve filling [9], 
but this method is only good for shallow ARs of 2 - 4 [10]. According to the ITRS 
roadmap, a process is needed for ARs approaching 20; complete filling with an oxide is 
cited as a “major challenge” [7].  
1.1.2 MEMS Devices 
High aspect-ratio combined poly and single-crystal silicon technology is widely 
applied in manufacturing MEMS devices; examples include the micro-gyroscope and the 
resonant beam strain gauge [11]. The shape of the devices is firstly patterned and defined 
by dry etching on a Si wafer; a sacrificial oxide layer is deposited; the remaining opening 
is then filled with poly-Si using CVD; finally the sacrificial oxide layer is etched away to 
retrieve the device by lift-off. The crucial step is the complete filling of poly-Si into a 
rectangular trench of AR ~20. There are reports for void space or seam forming inside, 
which undermines the mechanical and thermal transport properties of the device [12,13]. 
As one important energy dissipation mechanism, thermal transport greatly affects the 
quality factor of the device. 
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1.2  Overview of Filling Methods 
1.2.1 Analysis of Filling Challenge 
Filling of high aspect ratio recessed features is difficult because the internal 
surface area is very large compared to the area of the opening, and because transport is 
limited by molecular diffusion.  As the precursor moves down the axis of a recessed 
feature, it is continuously consumed by reaction on the walls.  When the deposition rate is 
proportional to the local partial pressure of precursor, as is usually the case with CVD, 
the film thickness is greatest near the opening and tapers to a small or zero value at depth.  
Carried to completion under these conditions, the opening ultimately closes (pinches) off, 
leaving an unfilled void underneath.  
This outcome can be partially mitigated if the deposition is carried out under 
conditions of very low surface reaction rate with respect to the transport rate.  This 
regime is routinely achieved using atomic layer deposition (ALD) or chemical vapor 
deposition (CVD) in the limit of saturated growth rate; under these conditions the drop in 
precursor pressure inside the feature is minimized and has almost no effect on the 
resulting film growth rate or thickness [14].   
However, perfect filling is generally not achieved by these approaches. In features 
that have complex shapes, or in which the feature width increases with depth, even 
perfectly conformal growth cannot eliminate the formation of a void below the pinched-
off opening.  Such shapes are a common, but not inevitable, result of reactive ion etching 
or particle assembly processes [12]. In addition, even in features that have parallel walls, 
conformality tends to degrade as filling proceeds. As coatings build up on the opposite 
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sides of the feature, the remaining width becomes narrower and narrower; eventually the 
AR becomes extremely large and the transport rate of the precursor shrinks to tiny values.  
To preserve conformal conditions in CVD, the growth rate must be reduced to a very low 
value [14].  The result can be near to complete filling, but a ‘seam’ of low-density 
material invariably remains along the centerline of the feature.  This seam is undesirable 
or unacceptable in many applications because it leads to a degradation of performance, 
including thermal or mechanical properties [12,13] or electrical conductivity [15-17]. 
1.2.2 A Promising Method: Super-conformal Coating 
A different result holds when the feature width decreases steadily with depth, 
which we will refer to as a ‘V’ shape.  In this case, highly conformal coating produces 
high quality filling: as the deposit on the walls thickens, the angle at the bottom of the V 
remains constant and the position of the bottom point moves progressively toward the 
opening.  The crucial role of the V shape has been described previously [4,18].  However, 
it is undesirable (and potentially infeasible) to limit the design of nanoscale devices to 
structures in which all the features have a pre-existing V shape. For example, the MEMS 
devices requires the angle of the sidewall to be 90 ± 1° [11]. We will show quantitatively 
in Chapter 3 that neither conformal CVD nor ALD can fill high AR features with such a 
slight taper. 
To achieve robust filling in the largest variety of features, it has long been a goal 
to develop super-conformal growth processes in which the film deposition rate is larger at 
the bottom of the feature than it is near the opening.  Such a process will establish a V 
shape and slowly enlarge the bottom angle such that seam formation is eliminated.   
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Note that super-conformal growth may not be required for the entire duration of a 
filling process: it can suffice to establish an inward-inclined sidewall shape of the feature, 
then change to growth conditions that are highly conformal [19,20]. Such a procedure 
will reduce the process time if the deposition rate is higher using the conditions for 
conformal coating [20].   
1.2.3 Reported Filling Methods 
At least four methods have been employed to achieve filling of high aspect ratio 
features.  We summarize these methods to provide a basis for comparison. 
(i) Superfill:  In the CVD of copper and manganese, the growth rate can be 
enhanced using a pre-deposited catalyst (iodine), which remains segregated on the film 
surface [21-23].  As deposition proceeds, the concave regions lose surface area and the 
concentration of catalyst increases at the bottom of the feature, thus increasing the growth 
rate there relative to the feature sidewalls. 
(ii) Electrodeposition:  Liquid phase additives, which can serve either to inhibit 
growth near the feature opening or enhance growth at greater depths, have been 
demonstrated.  The ‘curvature enhanced accelerator coverage’ method [24] has been 
developed for Cu, Au [25], Ag [26], Co and Co-Fe [1] and applied for Cu metallization 
[27,28]. 
(iii) High density plasma CVD:  Features can be filled using a competitive 
process of film deposition and plasma etching [9].  For example, high density plasma 
chemical vapor deposition [10] is suitable for aspect ratios of ~ 2-4. 
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(iv) Atomic Layer Deposition:  ALD can be used to fill or partially fill structures 
via highly conformal coating.  Reports of nominally complete filling include SiO2 / Al2O3 
nanolaminates in vias [29] with AR = 35 and in trenches [30] with AR = 12-14;  TiO2 in 
V-shaped Si slot waveguides [4]; and Al2O3 in multiwall C nanotubes [31].  Reports of 
incomplete filling include TiO2 [32] or GaP [33] in opal templates with AR ~ 4000 using 
pulsed gas injection, and Al2O3 filling in via with AR of 10 [34].   
We report in this dissertation a new method to afford super-conformal coating in 
CVD using two molecular reactants at relatively low temperatures (Chapter 2). This 
method can transform a high AR structure that originally has straight sidewalls into one 
with taped walls, called a V-shape. We also report two theoretical approaches that can 
predict the conditions under which the V-shape can be completely filled without the 
formation of a void or seam (Chapter 3). An important new concept is that of effective 
AR, which is higher than the nominal AR due to the nature of diffusive transport in a 
tapered structure.  
1.3  Novel Precursors with DMADB Ligand  
A modified borohydride ligand, N, N-dimethylaminodiboranate (DMADB), has  
been invented by Prof. G. S. Girolami and his group. Using this ligand, they synthesized 
a series of new CVD precursors of the form M(DMADB)x, where M stands for the metal 
center. These include Mg [35], Ti, Y, and the whole series of lanthanide elements, except 
Eu and Yb [36]. The chemical structure of this group of precursors is similar to that of 
Mg(DMADB)2 (Fig. 1.1). The Mg(DMADB)2 precursor has an exceptionally high room 
temperature vapor pressure (0.8 Torr, the highest for any reported Mg-bearing molecule) 
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and exhibits a clean reaction pathway with H2O to afford MgO film and liberate 
H(DMADB) products [37]. It is reasonable to expect that other precursors with the same 
ligand, including Ti(DMADB)2, Y(DMADB)3 and other Ln(DMADB)3, would behave 
similarly, and that oxide host doping with rare earth elements should be straightforward 
[38]. We have evaluated and report the CVD behavior of selected members of this group 
to afford oxide materials (Chapter 4). 
TiO2 is an important oxide material due to its photocatalytic properties [39], and 
dielectric constant [40,41]. We report an initial set of film growth experiments (Chapter 
5). 
Due to the favorable properties of the Mg(DMADB)2 precursor, we also 
investigate its behavior in the ALD of MgO, and report preliminary results (Chapter 6).  
1.4  Reaction System 
All films in this work, except for TiO2, are deposited with a thermal CVD system 
equipped with in-situ spectroscopic ellipsometry (SE) (J. A. Woollam M-88). This 
system has been described in Brent A. Sperling’s Ph.D. dissertation for hot-wire CVD 
[42]. Minor changes have been made to render the system suitable for thermal CVD (Fig. 
1.2). Two sets of parallel tubes are used to inject the precursor and co-reactant (water).  
One set points towards the chamber walls, so that the molecules experience multiple 
reflections before they reach the substrate; under these conditions the partial pressures 
above the substrate are equal to the average values measured by the capacitance 
manometer elsewhere on the chamber. This set of inlets are used for MgO CVD, for 
which both molecules have high vapor pressures and accurate pressure values are needed 
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to evaluate the growth kinetics. The other set is 7 cm away from, and perpendicular to the 
substrate, in order to concentrate the molecule fluxes onto the growth surface. This set of 
inlets is used for RE oxide growth and doping due to the lower vapor pressures of those 
molecules. SE is used to measure the film thickness during growth, based on Cauchy 
optical models for different films. TiO2 growth is performed in the two-chamber system, 
previously described in the Ph.D. dissertation of Navneet Kumar [43]. Ex-situ sample 
analyses of morphology, composition, crystallinity, and optical properties are done in the 
Center for Microanalysis of Materials, Material Research Laboratory at UI. 
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1.6  Figures 
 
 
Figure 1.1. Molecular structure for Mg(DMADB)2. 
 
Figure 1.2. Schematic showing of the chamber structure and positions of inlet tubes. One 
pair of tubes point perpendicularly towards the substrate, used for CVD with precursors 
with low vapor pressures. The other pair point towards the chamber side-wall, used for 
high vapor pressure molecules. 
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CHAPTER 2 
SUPER-CONFORMAL CVD OF THIN FILMS IN DEEP FEATURES 
 
2.1  Introduction 
2.1.1 Background 
Interesting and useful properties of nanoscale devices often arise when two or 
more materials with contrasting physical properties are arranged in a 3-dimensional 
structure that enhances the optical, electronic, mechanical or thermal response [1].  Such 
structures can be fabricated by removing material in a patterned and directional manner 
[2], typically to create a high aspect ratio (AR) opening, and then to fill that feature with 
a desired material.  This last method is a crucial capability for several important 
technologies: for example, the International Technology Roadmap for Semiconductors 
specifies filling as a key challenge for low-k dual damascene structures, shallow trench 
isolation, and DRAMs [3].  In addition, for MEMS device manufacturing, trenches must 
be completely filled [4,5] without internal voids [6]. 
The challenge and current methods for filling has been addressed in Chapter 1, 
and the key characteristic to achieve complete filling is super-conformal growth, that is, 
to have the film growth rate increase from feature opening to bottom. Below, I will 
introduce the newly discovered super-conformal coating based on two-molecule CVD 
process. 
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2.1.2 Approach 
Our new method of super-conformal growth in two-molecule CVD is based on 
the theory of highly conformal coating by single-molecule CVD, which we have 
described previously [7].  This latter theory, which assumes a Langmuirian relationship 
between surface concentration and precursor partial pressure, predicts that conformal 
films will be obtained when the precursor pressure is high, because the surface coverage 
is near saturated and therefore depends very weakly on precursor pressure.  A key 
mechanistic aspect that leads to conformal growth is site blocking by adsorbed species 
that reduces the reactivity of the surface.  When the boundary condition is assumed to be 
steady-state growth on all surfaces regardless of depth, the diffusion-reaction equation 
can be solved analytically.  The calculated drop in precursor pressure from the top to the 
bottom of the feature is then used to determine the step coverage (SC) to first order [8]: 
ܵܥ ൌ ͳ െ డீோడ௣
௖ఘ௞ಳ்
ଶ஽బ
ሺܣܴሻଶ       (1) 
where c is a geometrical constant (2 for a trench and 4 for a via), ȡ is the atomic density 
of the film, and D0 is the molecular diffusion coefficient divided by the trench (or via) 
width.  The step coverage in CVD is always less than unity, but can approach unity when 
the pressure-dependence of the growth rate is made very small.   
The diffusion-reaction equation can be extended to two-molecule CVD systems 
using the same boundary condition.  A new first order solution obtains: 
ܵܥ ൌ ͳ െ ቀడீோడ௣ಲ
ఘಲ
஽బಲ ൅
డீோ
డ௣ಳ
ఘಳ
஽బಳቁ
௖௞ಳ்
ଶ ሺܣܴሻଶ     (2) 
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where A and B denote the two molecular reactants.  However, for two-molecule systems, 
the growth rate differential with respect to pressure need not be positive.  The 
explanation is qualitatively simple: if the growth rate depends directly on the fractional 
surface coverages of both co-reactants, and the two co-reactants compete for available 
surface sites in a Langmuirian way, then the rate must have a maximum at some ratio of 
component partial pressures and be smaller on either side of that peak; hence, there exists 
a regime in which the growth rate increases as the pressure of one component falls.  As a 
result, under some circumstances the term in parentheses in Eq. (2) can be negative, in 
which case the SC is larger than unity, i.e., the coating is super-conformal.  As we will 
show below, that regime emerges when the pressures of the components in the gas feed 
are chosen to take advantage of different molecular diffusion rates in the high AR feature.   
In two-molecule CVD, there are several reports of decreasing growth rates vs. 
increasing component pressure: ZnO growth vs. oxygen pressure at a fixed pressure of 
DEZn[9]; TiN growth vs. TiCl4 pressure at fixed NH3 pressure [10]; and Si3N4 growth vs. 
NH3 pressure [11].  A first order model that accounts for competitive adsorption and 
reaction on the growth surface was described by Cobianu and applied to the SiH4/O2 
system, which displays a negative growth rate differential vs. SiH4 pressure [12].  None 
of these studies, however, reported or discussed the possibility of super-conformal 
growth.  Perfect conformality was reported for TiN growth using high TiCl4 and low NH3 
pressures [10]; the authors of that work attributed the result to growth rate saturation at 
high TiCl4 pressures, but did not consider the role of the low NH3 pressure.  The theory 
given here affords a general explanation.   
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To demonstrate and explore super-conformal coating for two-molecule CVD, we 
have investigated the following system: MgO growth from Mg(DMADB)2 and H2O, 
where DMADB = H3BNMe2BH3.  A complete kinetic model is reported. 
2.2  Experiment 
The CVD system is a turbo-pumped, cold-wall stainless steel chamber with a base 
pressure of 5×10-8 Torr, most of which is hydrogen [13].  In-situ spectroscopic 
ellipsometry is mounted at a 70° incidence angle.  The Mg(DMADB)2 precursor is 
prepared in the laboratory of Professor G. S. Girolami [14]  DI water is used as the co-
reactant.  Precursor and water are kept in separate Pyrex containers adapted to stainless 
steel fittings, and fed into chamber through needle valves and separate 0.4 cm i.d. 
stainless steel tubes.  Inside the chamber, the inlets of these tubes point towards the 
sidewall of the chamber in order to homogenize the flux, so the pressures reported are the 
average values inside the chamber.  The substrate is heated radiatively by a tungsten wire 
mounted behind the substrate holder.  The temperature is measured with a K type 
thermocouple clamped to the surface of substrate holder.  For planar growth rate 
measurements, the substrate is a 0.5 × 0.5 inch silicon wafer with native oxide, cleaned 
using standard solvents without removing the oxide.  For conformal coating studies, we 
use a lithographically defined microtrench with SiN walls, or a ‘macro’ trench-substrate 
with 25 or 100 m width and ~ 1 cm depth, taken from n-type Si wafer with resistivity of 
10-20 ohm-cm, covered with native oxide, as previously described [15].  Gas transport 
within the macrotrench is in the molecular flow regime; hence, the results can be rescaled 
to those in a microtrench with the same AR.  
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The refractive indices of MgO films are derived from ex situ spectroscopic 
ellipsometry data acquired at incident angles of 50, 60 and 70° under atmospheric 
pressure, and fit to the Cauchy equation [16]. The film thickness during growth is 
determined from in situ spectroscopic ellipsometry data using the derived indices and a 
multilayer optical model.  In calibration experiments, the film thickness measured by 
ellipsometry is found to be within ± 5% of that determined from SEM cross-sectional 
images. The growth rate is derived by dividing the thickness increment by the time 
increment. The physical thickness of the MgO coating on macro-trench is measured with 
RBS at different depths; the profile is similar to that obtained from SEM cross-sectional 
images.  A nearly constant film density, 63 ± 3% of the bulk value, is observed for the 
coating throughout the trench.  The low density of the film is due to the low deposition 
temperature; at higher temperatures, e.g., 275°C, the film density is ~ 93% of the bulk 
value [17]. The temperature-dependent film density is accounted for in the analytical 
model below.  
 
2.3  Growth Results 
The MgO growth kinetics on planar substrates at 220°C have been measured to 
identify regimes of Mg(DMADB)2 and H2O partial pressures that may afford negative 
growth rate differentials with respect to pressure (Fig. 2.1). At partial pressures between 
0.5 and 10 mTorr, the maximum MgO growth rate increases monotonically with 
increasing H2O pressure, but the growth rate rises and then falls with increasing 
Mg(DMADB)2 pressure.  The data can be fit well to a kinetic model (next section) with 
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the parameters given in Table 2.1.  A significant finding is that, for a H2O pressure of 3.2 
mTorr, the deposition rate decreases as the Mg(DMADB)2 pressure is increased above 
4.0 mTorr. Thus, under these conditions, we expect to see super-conformal growth.  This 
expectation was confirmed by the following experiments.  
MgO growth in a 25 m wide macrotrench at 220°C is carried out with a fixed 
Mg(DMADB)2 pressure of 7.5 mTorr, and H2O pressures of either 3.0 or 10.0 mTorr.  
Growth using the higher water pressure affords a sub-conformal thickness profile with no 
coating past a normalized depth (depth divided by the aperture width, z/d) of ~ 25 (Fig. 
2.2a).  Remarkably, however, using the lower water pressure, the thickness increases 
with depth to a peak value at z/d ~ 18, then falls with no coating past z/d ~ 35.   
In a microtrench with AR = 9:1, for a growth time of 10 minutes, the same 
conditions afford super-conformal growth all the way to the trench bottom (Fig. 2.2b, 
left).  When deposition is continued for 20 minutes, the feature is completely filled (Fig. 
2.2b, right).   
At a higher temperature, 300°C, we find that super-conformal growth of MgO in a 
feature with AR = 5 can be achieved, but a lower water pressure is required (0.05 mTorr).  
This result is also consistent with the analytical model we now describe. 
 
2.4  Model 
In this section, we describe a model for surface reaction kinetics and the 
diffusion-reaction equation for two-molecule CVD systems.  Taken together, these 
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formalisms quantitatively fit the observed coating profiles and can be used to predict the 
operating parameters that afford super-conformal coating in high aspect ratio features.  
The model has two main features.  First, a kinetic competition between the two 
components occurs on the growth surface.  Second, the component molecules have 
different molecular diffusivities and thus different pressure drops down the axis of the 
feature.   
2.4.1 General Reaction Kinetics for Two-molecule CVD 
The reaction pathways for two-molecule CVD are complex, involving 
competitive adsorption, surface transport and reaction, and byproduct removal steps.  
However, the overall kinetic behavior for film growth can be represented using a model 
based on the Langmuir-Hinshelwood formalism, with rate coefficients that represent the 
equilibrium between species adsorption and desorption, combined with the assumption 
that the rate-limiting step for film growth is the reaction of the adsorbates.   
The two reactant molecules A and B undergo adsorption, desorption and surface 
reaction [18]: 
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where S represents a surface absorption site, AB represents the deposited binary 
phase, P represents a reaction byproduct that desorbs from the surface and plays no 
further role, and the asterisk indicates an adsorbed state.  Atomistic details such as the 
decomposition of the component molecules, and the formation and desorption of 
byproduct species are assumed to be fast and are therefore neglected.  The slowest step 
will determine the rate of reaction: 
 m nr A BR k T T          (3) 
where șA and șB are the fractional surface coverages for the adsorbed species, m and n are 
the reaction orders, respectively, and kr is the reaction coefficient per lattice site (in terms 
of formula units).  When the reaction is first order in both A and B, that is, when both m 
and n equal unity, and the total fractional surface coverage is 1, the maximum growth rate 
occurs when șA = șB = 0.5. (The component partial pressures that afford this maximum 
growth condition will depend on the relative surface binding abilities of the two 
components, which is described by the four kinetic terms kads and kdes for adsorption of A 
and B on surface sites.) The present data can be fit adequately using the first-order model, 
and for the rest of this discussion, we will make this assumption.  For a system that 
exhibits higher reaction orders, super-conformal coating can still be obtained, but the 
kinetic terms in the model must be recast accordingly. 
From this model, we have derived the exact solution for the surface coverage 
terms as a function of the partial pressures and adsorption/desorption rates of the co-
reactants [7] (Supplemental Material).  The solution is more complex than the Langmuir-
Hinshelwood equation because the latter neglects the surface reaction rate [12]; in the 
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limit where the reaction rate is negligibly small compared with adsorption/desorption 
rates, the solutions are identical. 
We have fit the experimental data for MgO growth as a function of the component 
partial pressures to this model. The best-fit rate coefficients (Table 2.1) afford predicted 
growth rates that are in reasonable agreement with the data (Fig. 2.1).  These parameters 
correspond to desorption energies of 0.99 and 1.05 eV for H2O and Mg(DMADB)2, 
respectively. This desorption energy for H2O differs from the energy of 0.69 eV reported 
on clean MgO (100) surface [19].  We cannot determine from the present data whether 
this difference is due to the nature of the amorphous growth surface compared with the 
crystalline surface, to different lateral interactions between neighboring molecules in the 
mixed monolayer, or to other assumptions in the model, but even so the agreement is not 
bad.  
The calculated rate of reaction R per surface site is related to the growth rate in 
film thickness via the factor C, defined as 
C = Nsurface / Nbulk × 107 nm / cm × 60 sec / min    (4) 
For crystalline MgO, C = 15.9.  If the growing film has a lower density than the 
bulk, the effective value of C will be larger than this value; if not all surface sites are 
available for adsorption, then the effective value of C will be smaller than this value.  We 
chose to consider C as a variable parameter along with the other adjustable parameters in 
the model.  We find that the best-fit value is C = 14.0.  We interpret this to indicate that 
not all surface sites are available for adsorption, due to one or more of the mechanisms 
that are possible under CVD growth conditions – lateral steric blocking by adsorbates, 
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slow desorption of reaction products, or site passivation.  Even larger steric blocking 
effects are known to occur in atomic layer deposition, hence the best-fit C value is 
physically plausible. 
We will show in the next sections that the parameters derived from the fits of the 
model to the experimental growth rate can be used to predict the conditions that should 
lead to super-conformal growth in recessed features. 
2.4.2 Diffusivities and Pressure Drop Relationship 
Transport of molecules of both co-reactants inside a deep feature occurs by 
molecular (Knudsen) flow, i.e., the diffusivity of each component is determined by wall 
collisions and is independent of the partial pressure [20].  For depths less than ~ 4 times 
the width, the diffusivity formalism is inaccurate due to directional flux in and out of the 
opening.  It is possible to rescale the diffusion coefficient to correct for this effect [21] 
but we will not rescale here because we are concerned with super-conformal growth at 
greater depths, where the diffusion equation is accurate.  
In a rectangular trench in steady state: 
ௗቀ௃ಲǡಳ ఘಲǡಳൗ ቁ
ௗ௭ ൌ
ଶோ
ௗబ         (5) 
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kT dz
 
        (6) 
where J(z) is the flux as a function of depth z, Dk is Knudson diffusivity, R is the reaction 
rate on the sidewalls, and d0 is the width of the trench.  The reaction consumes the 
component molecules at a fixed ratio ȡA/ȡB, which is merely the stoichiometric ratio of the 
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reaction. For our Mg(DMADB)2/H2O system, this ratio is 1. Therefore, the ratio of 
pressure drops is a constant everywhere inside the feature:   
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On a plot with axes PA and PB, the pressures of the two components as they 
change down the axis of the trench will trace out a straight line, beginning with the partial 
pressures outside of the feature and ending with those at the bottom.   
For the MgO CVD system, Eq. (2) requires values for the diffusion coefficients 
for the reactant molecules and the densities of Mg and O atoms inside the film.  In 
molecular flow, the diffusivities of the two molecules are inversely proportional to the 
square root of their molecular masses, hence:   
2 2
22
( )
( )/ /
H O Mg DMADB
k k Mg DMADB H OD D M M  .      (8) 
Interestingly, fits to data (below) afford significantly lower values of the 
diffusivity than predicted from simple theory.  Most likely, wall adsorption adds a 
residence time to the flight time for transport.  For the MgO system, the ratio of 
experimental diffusivities, 4.5, is slightly larger than the ratio of 3 given by Eq. (8).  The 
stoichiometry ratio for MgO is unity.  Therefore the Mg(DMADB)2 partial pressure drops 
4.5 times more rapidly with depth than does the H2O partial pressure.   
For the majority of oxide, nitride, or carbide CVD systems, the metal-containing 
precursor has a significantly larger mass than that of the co-reactant.  The resulting large 
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difference in the molecular diffusivities of the two co-reactants is what makes it possible 
to find conditions favorable for super-conformal growth, as we show next.   
2.4.3 Prediction of Conformality 
The regime of super-conformal growth can be represented graphically.  The 
equilibrium adsorption coefficient [18] for each component, eqK , is equal to the ratio
kads/kdes.  On a plot of the growth rate with axes eqA AK P  and 
eq
B BK P , the pressures of the 
two components as they change down a recessed feature will trace a straight line.  The 
line has a slope of eq B eq AA A k B B kK D K DU U  and the peak growth rate occurs along the diagonal 
where șA = șB.  The reaction rate constant kr has a symmetric effect on the surface 
coverage of A and B molecules and does not influence this slope.  Provided that the slope 
of the line describing the pressure drop in this plot is not unity, super-conformal growth 
is possible if the partial pressures of the component species in the gas feed are chosen 
correctly.  
In the two-component CVD reaction, let us define species A to be the component 
that diffuses the most rapidly (for example, because it has the lower molecular mass). The 
partial pressures of the components outside of the trench opening, PA0 and PB0, are set 
experimentally via the gas injection rates.  We will consider three cases, corresponding to 
points (1)-(3) in Fig. 2.3a.  In case (1), eqA AK P 0 is much smaller than 
eq
B BK P 0; in case (3) 
eq
A AK P 0 is equal to 
eq
B BK P 0; and case (2) is intermediate between cases (1) and (3).  In the 
plots of how eqA AK P  and 
eq
B BK P  evolve down the trench, the three cases trace separate 
parallel lines that correspond to different variations in the growth rate (Fig. 2.3b). Case 
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(1) is predicted to afford conformal coating.  Although the drop in partial pressures does 
move towards the line of equal surface coverage (șA = șB), in a deep feature component 
A becomes exhausted, which reduces the growth rate (șA + șB falls below 1).  Note that 
for a finite AR – such that A is not fully exhausted – these conditions can give excellent 
conformality.  Case (3) gives bad conformality because the drop in partial pressures is 
away from the șA = șB line, so the growth rate falls rapidly.  Case (2) affords super-
conformal coating from the starting point to the depth at which the partial pressures cross 
the șA = șB line.  Therefore, the aspect ratio must be chosen so that the pressures never 
move past the diagonal.   
Substrate temperature affects the regime of super-conformal coating primarily 
through the temperature dependence of the equilibrium adsorption coefficients, eqK , and 
secondarily through the molecular diffusivities.  The latter may include a wall adsorption 
term (next section) that enhances the temperature dependence over that predicted by the 
kinetic theory of gases.  Therefore, the slopes of the lines in the eqA AK P  vs.
eq
B BK P  plot 
change with temperature.  In addition, the scale factor C will be temperature dependent 
(because of the changing film and surface site density) and must be accounted for.  Each 
precursor-film system will exhibit a different regime of super-conformality depending on 
the kinetic coefficients of the species involved.  In general, higher temperatures will 
narrow the process conditions in which super-conformal growth can be achieved because 
the higher growth rate increases the depletion of reactants within the structure.   
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2.5  Analysis and Discussion 
2.5.1 Effect of Wall Adsorption on the Diffusivity   
The diffusion coefficient in the trench can be determined by comparing the actual 
and calculated pressure drops.  For steady-state growth, the continuity equation relates 
the molecular flux J(z) to the integrated growth rate GR below that depth:  
ܬሺݖሻ ൌ ׬ ܩܴሺݖሻߩ݀ݖ௅௭         (9) 
where L is the trench depth, chosen large enough that the coating thickness tapers to zero 
before the bottom.  We analyze the MgO growth profile of Fig. 2.2, for a H2O pressure of 
3.0 mTorr.  At the growth temperature of 220°C, the atomic density is 3.4 × 1022 at/cm3, 
which is 63 % of the bulk value (it is 93% for growth at 275°C[17]).  The stoichiometry 
of MgO is measured to be 1:1, hence, the consumption rates of Mg(DMADB)2 and H2O
on the walls at any particular depth are always equal.  Integrating from the bottom up 
affords the profile of flux down the axis of the feature (Fig. 2.4a).   
Fick’s law relates the flux to the pressure profiles of each component.  The 
bottom boundary condition is zero pressure for the component that is fully depleted, the 
Mg(DMADB)2 precursor in this case.  For the component that is not fully depleted, H2O 
in this case, the bottom boundary condition is a zero pressure gradient.  Integrating the 
flux profile from the bottom up affords a prediction of the pressure that must exist at the 
trench opening.  However, inserting the Knudsen diffusivity affords a predicted pressure 
which is smaller by a factor of ~ 10 than the experimental pressure.  These values can be 
brought into agreement (Fig. 2.4b) by assuming that the molecular components adsorb on 
the walls, which adds a characteristic residence time Ĳ0 to the flight time [20] and reduces 
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the diffusivity (for H2O, the residence time is estimated through the known starting 
pressure, the flux profile, and the best fit to the coating profile): 
2
03
k dD
d
v
W
 § ·¨ ¸© ¹
         (10)  
We obtain a best-fit for residence times of 2.5×10-6 and 5.6×10-7 s for 
Mg(DMADB)2 and H2O, respectively.  If we further assume that the prefactor for 
desorption [22] is 1013 s-1 , then these residence times correspond to binding energies of 
about 0.72  and 0.66 eV, respectively.  For H2O, the estimate is comparable to the value 
of 0.69 eV determined by TPD [19] for desorption on MgO(100), which lends credence 
to the postulate of wall adsorption.   
We note, for completeness, that the angular distribution of emission events from 
the wall can also modify the value of the diffusivity via the mean transport distance.  This 
distribution is usually assumed to vary as the cosine with respect to the normal [23].   
Combining the pressure distributions of the two components with the kinetic 
model for growth affords a simulated coating profile in excellent agreement with 
experiment (Fig. 2.5). 
2.5.2 Relationship between GR, AR, SC  
The relationship between the aspect ratio, step coverage, and growth rate can be 
determined from an analytical approximation [8] as follows.  For super-conformal 
coating, the pressure at the bottom of the feature must not fall below the value for the 
peak growth rate (Figs. 2.2a or 2.3b).  This minimum pressure can be determined 
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experimentally from growth rate measurements on planar substrates.  In the trench, the 
pressure drop down the axis is calculated by means of the diffusion equation.  In 
principle, this equation must be solved numerically because the growth rate depends in a 
complex manner on the component pressures.  However, for aspect ratios up to ~ 20:1 
and well-chosen operating conditions, the variation on growth rate is observed 
experimentally to be nearly linear between the trench opening and bottom (Fig. 2.6); this 
is because the growth conditions are not too far from being perfectly conformal.  If the 
growth rate is assumed to be linear with depth and defined by the slope s: 
0
0
0 0
1( ) 1 , where LGR GRzGR z GR s s
d AR GR
§ ·   u  u¨ ¸© ¹
     (11) 
The gas phase boundary conditions are:  
஺ܲǡ஻ሺͲሻ ൌ ஺ܲ଴ǡ஻଴ and  ஽ಲǡಳ௞்
ௗ௉ಲǡಳ
ௗ௫ ቚ௫ୀ௅ ൌ െߩ஺ǡ஻ܩܴሺܮሻǢ   (12) 
where L is the trench depth. 
The diffusion equation can now be solved analytically, such that the slope s is 
self-consistent, to relate the AR, SC, GR0 and ǻP from top to bottom of the trench:  
 , 0 2,
, 0
1
3 6
/
A B
A B k
A B
SC ckT GR
P AR
D d
U§ ·¨ ¸© ¹'        (13) 
where SC = GRL / GR0, and c is a geometrical constant, as discussed in the Introduction 
[8]. 
 If the growth rate differentials as a function of the partial pressures are nearly 
constant for a certain pressure regime, then the following approximation holds: 
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P P
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 Then, the step coverage is: 
 
0 0
1 11 A B
A B
GR GRSC P P
GR P GR P
w w  '  'w w       (15) 
 Substituting (12) into (14) for ǻPA and ǻPB affords: 
  2
0 0
11
3 6
A B
k k
A A B B
GR GR SCSC ckT AR
P D d P D d
U U§ ·w w § ·   ¨ ¸¨ ¸w w © ¹© ¹    (16) 
 After being rearranged, the equation for SC is: 
 
1
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1
3
M
SC M

 

          (17) 
where  2
0 0
A B
k k
A A B B
GR GRM ckT AR
P D d P D d
U U§ ·w w ¨ ¸w w© ¹ . 
 This equation predicts the value of SC for a given set of PA, PB, and T conditions, 
assuming that the growth rate change inside the trench is linear with respect to depth 
(which is valid according to our data for MgO), and the GR differential with respect to 
either partial pressure is relatively constant.  (It is of course possible to violate these 
assumptions; the point is to gain insight that applies to a useful range of conditions.)  
When the M factor – the combined effect of the growth rate differentials – is negative, 
then the SC is > 1 and the coating is super-conformal.  When the M factor is nearly 0, SC 
is close to 1 and equation (16) reduces to equation (2). 
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The relationship given by Eq. (13) can be combined with the best-fit parameters 
for MgO growth at 220°C (Table 2.1) to construct two parametric plots.  For a given set 
of starting pressures, one plot can be used to determine the maximum AR that can be 
coated super-conformally (Fig. 2.7a), and to determine the SC that is possible for this AR 
(Fig. 2.7b). If the actual AR is larger than this maximum value, the precursor pressure 
will drop past the growth rate maximum, hence the film thickness will peak and then start 
to decline before the trench bottom.  If the actual AR is smaller than the maximum, the 
pressure drop will be smaller and the step coverage will be less super-conformal. These 
plots, accurate to first order, provide clear guidance about the coating profile that can be 
achieved.   
When super-conformal coating conditions are used to fill a deep feature, the 
aspect ratio AR increases with time as the coating builds up on the sidewalls.  It may be 
necessary to adjust the component pressures according to the AR chart.  Alternatively, it 
can suffice to employ super-conformal conditions only long enough to establish a V 
shape on the sidewalls, and then to use conditions that have SC ~ 1. This option is 
analyzed in Chapter 3 below. 
A potential complication not discussed above is the possibility that reaction 
byproducts are not inert, but can adsorb or decompose on the film growth surface.  The 
partial pressure of byproducts can readily be calculated from the steady-state diffusion 
equation based on the measured film thickness profile (growth rate); the partial pressure 
increases rapidly with AR.  Reversible adsorption would contribute site blocking and 
reduce the film growth rate; decomposition would change the surface reactivity, likely 
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reducing the growth rate, and introduce unwanted elements (impurities) into the film 
composition.  The systems studied to date achieve super-conformal coating in reasonable 
agreement with the theory presented here and are stoichiometric with low impurity 
content.  These observations suggest that byproduct adsorption does not play a significant 
role.  Although some candidate systems might suffer from byproduct reactions, we expect 
that the super-conformal growth method will be applicable to a broad portfolio of useful 
systems.   
 
2.6  Summary 
We demonstrate that super-conformal thin film coatings can be achieved for two-
component CVD systems, most simply by supplying a gas feed in which the more 
slowing diffusing (more massive) molecular co-reactant is in excess. This phenomenon 
arises from competitive adsorption behavior on the film growth surface and the difference 
in Knudsen diffusivities between the co-reacting molecules. Super-conformal MgO 
growth using Mg(DMADB)2 and H2O is demonstrated.  Kinetic data are obtained from 
growth rate data on planar substrates and film thickness profiles on macro-trench 
substrates.  A predictive theory for super-conformal coating is derived based on a kinetic 
model for growth in combination with diffusive transport in a deep feature.  The diffusion 
coefficients are modified favorably by adsorption of the components on the sidewalls. 
Finally, we derive an analytic relationship between the starting pressures of the co-
reactants, the feature aspect ratio, and the step coverage for super-conformal growth.   
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2.7 Appendix 
Derivation for equation of surface coverage: 
At steady state, the fractional surface coverages șA and șB for adsorbed species A* 
and B* are constant with time, giving the following equations (18): 
 
(1 ) 0;
(1 ) 0.
ads desA
A A A B A A r A B
ads desB
B B A B B B r A B
k P k k
t
k P k k
t
T T T T T T
T T T T T T
w       w
w       w
    (18) 
where kads, and kdes stand for adsorption and desorption rate constants respectively, and kr 
is the reaction rate constant for formation of the binary phase.  From these two equations, 
specific equations for șA and șB based on PA and PB and 5 different coefficients can be 
derived.  The equation for șA is shown below as equation (19), and the counterpart for șB 
is symmetric, i.e., the A and B subscripts are exchanged [7]. 
2 4 ;
2
;
;
;
A
ads ads des
r B B r A A r A
ads ads ads des des ads des des
r A A r B B A B A A B B A B
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A B A
M M KN
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K k k P k k P k k
M k k P k k P k k P k k P k k
N k k P
T  r  
  
    
 
     (19) 
All these 5 coefficients follow Arrhenius behavior, with different activation 
energies, 
݇ ൌ ܥ݁ିாೌ ோ்ൗ  .        (20) 
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2.9  Tables and Figures 
 
rK   2
ads
H OK  2
des
H OK  2( )
ads
Mg DMADBK  2( )
des
Mg DMADBK  C   
7.81 0.13 0.25 0.18 0.26 14 
 
Table 2.1. Best fit values for adsorption, desorption and reaction coefficients for MgO 
CVD from Mg(DMADB)2 and H2O at 220°C. “C” is a conversion-factor for Kr from 
reaction rate per site per second to film growth rate in nm/min. 
 
Figure 2.1. Growth rate as a function of Mg(DMADB)2 and H2O pressures at 220°C, as 
measured with ellipsometry on Si (100) planar substrates. Fitting lines are based on the 
kinetic equations discussed in model section; the parameters are given in Table 2.1. 
38 
 
 
 
Figure 2.2. (a) Coating profiles for MgO films deposited in macroscopic trenches at 
220°C, with P[Mg(DMADB)2] = 7.5 mTorr, and P[H2O] = 10.0 mTorr or 3.0 mTorr. (b) 
Left: SEM image of MgO coating with P[Mg(DMADB)2] = 7.5 mTorr and P[H2O] = 3.0 
mTorr for 10 minutes at 220°C in a microscopic SiN/Si trench with AR = 9:1; right: SEM 
image of a completely filled trench  after coating with the same condition for 20 minutes. 
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Figure 2.3. (a) Graphic presentation of two-molecule CVD growth rates, with pressure 
drop profiles (starting from three different pressures) given as yellow broken lines. 
Relative rates are indicated by the color bar at right. (b) Growth rate along the three 
different pressure drop lines as a function of eqB BK P , with starting pressures at the three 
different points in (a).  
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Figure 2.4. The calculated molecule flux (a) and pressure distributions (b) for MgO 
coating in a macrotrench at 220°C with P[Mg(DMABD)2] = 7.5 mTorr and P[H2O] = 3.0 
mTorr. 
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Figure 2.5. Comparison between simulated coating profile (solid red line) and experiment 
(solid black squares), for MgO macroscopic trench coating with P[Mg(DMABD)2] = 7.5 
mTorr and P[H2O] = 3.0 mTorr, at 220°C. 
 
Figure 2.6. Simulated coating profiles using the growth rate equation and diffusivities in 
the previous section with Mg(DMADB)2 and H2O pressures of 7.5 mTorr and 3.4 mTorr, 
respectively, for trenches of AR = 10, 15, 20 and 25 (broken lines). 
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Figure 2.7. The (a) aspect ratio (AR), and (b) step coverage (SC) for trench coating with 
various Mg(DMADB)2 and H2O pressures that can afford super-conformality, using 
simulated growth rates for MgO at 220°C. For each Mg(DMADB)2 and H2O pressure 
combination, the maximum aspect ratio of the trench that can be super-conformally 
coated is given by the left figure, then the corresponding step coverage is determined by 
the corresponding point in the right figure. 
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CHAPTER 3 
CRITICAL CONDITION FOR FILLING: SUPER-CONFORMAL 
COATING TO AFFORD TAPERED SIDEWALLS 
 
3.1  Introduction 
Many nanoscale device designs incorporate deep recesses (features) that must be 
filled with a second material during the manufacturing process. Examples include 
metallization [1] and shallow trench isolation (STI) [2] in integrated circuits, 
microelectromechanical systems (MEMS) [3], and optical waveguides [4]. As device 
designs advance, the feature size is typically reduced and the aspect ratio (AR) increased 
[5], which make the filling process more difficult to achieve. With incomplete filling, a 
trapped void space or “seam” of low-density material is left along the centerline of the 
feature; these defects are highly undesirable as they decrease the property of interest, 
often the electrical or thermal conductivity.  As addressed in Chapter 1, to achieve 
complete filling for these applications, the deposition process must be highly conformal, 
or even super-conformal, i.e., the growth rate increases from the feature opening to the 
bottom.   
Highly conformal coatings can be grown by chemical vapor deposition (CVD) or 
by atomic layer deposition (ALD).  Previous studies have shown – qualitatively – that to 
achieve complete filling without void formation, the feature must be fabricated with an 
inwardly angled sidewall [6,7]. The problem with parallel sidewalls is that the width 
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decreases and the aspect ratio increases as coating builds up on the opposite faces; 
transport of the precursor species to the bottom of the feature drops to negligibly small 
rates, creating the void or seam that cannot be filled [7-10].  However, it would be a 
major device design and manufacturing constraint to require that all features have a 
specified taper angle on the sidewalls.  
Super-conformal coating methods can produce inward-angled sidewalls starting 
with a feature whose sidewalls are parallel or even angled slightly outward; thus, 
complete filling can be achieved over a range of design geometries and manufacturing 
tolerances. In Chapter 2, we report a new super-conformal coating method for two-
component CVD at low substrate temperature.  This is distinct from other reported 
methods that afford super-conformal coating [11-19].   
However, filling is a dynamic process in which the feature shape and aspect ratio 
continuously evolve.  A coating condition that affords super-conformal growth for the 
initial feature geometry is not guaranteed to afford the same behavior all the way through 
the filling process.  We are not aware of any previous study that derived a set of critical 
conditions sufficient to predict when complete filling can or cannot be achieved.  Such a 
theoretical framework would be invaluable – it would afford limits on allowable device 
dimensions according to the performance of super-conformal coating processes.  Here, 
for the first time, we quantitatively analyze the super-conformal coating profile for 
inward-tapered wall shape for filling, and derive critical conditions for complete filling, 
namely, limits on the sidewall taper angle and the feature aspect ratio.  We consider two 
alternate formalisms for particle transport in the feature: (i) molecular diffusion is 
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mathematically convenient but, as we will show, underestimates the precursor fluxes at 
large depths; and (ii) ballistic transport between solid angle elements in the feature is 
computationally intensive but provides a significantly more accurate (and encouraging) 
answer to the present problem.   
We present results for a generalized two-component super-conformal CVD 
process, and then for the specific case of MgO growth using Mg(DMADB)2 precursor 
with H2O as the co-reactant, for which we have experimental data.  The starting case is a 
trench with parallel sidewalls, which is progressively transformed into a V-shape by the 
super-conformal deposition process.  The critical condition for success is that the growth 
remains super-conformal all the way to the bottom of the apex, as opposed to reaching a 
peak rate at intermediate depth and then declining towards the bottom.  The diffusion-
reaction formalism predicts a void space at the bottom of the feature, whereas the 
experimental result is complete filling.  By contrast, the ballistic transport formalism 
predicts complete filling.  Detailed analysis shows that long-range transport events – 
particles that are emitted from the walls at glancing angles and arrive at great depths in 
the feature – make the critical difference.  Such events are not accounted for in the 
diffusion model, which represents all transport events using a single valued, average 
transport distance between collisions.  
3.2  Model Assumptions 
In the diffusion-reaction model and ballistic transport models discussed below, we 
make the following assumptions: 
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1. Inter-molecular collisions can be neglected because the feature sizes range from 
nm to ȝm, which is much smaller than the mean free path of ~ one cm under a 
total pressure of ~ mTorr; therefore gas phase diffusivity can be described using 
Knudsen’s equation [20].  
2. The gas molecule distribution does not have cross-sectional variance at the same 
depth.  In diffusion model, we will only consider the gas molecule concentration 
change in its depth.  
3. Surface diffusion of growth species is negligible, and has no effect on the coating 
profile.  (This assumption does not rule out local effects such as smoothing.) 
4. The source of gas molecules outside the trench is spatially homogeneous and 
constant as a function of time. 
5. The distribution of gas molecules is in steady state.  In the diffusion model, the 
time differential is zero.  In the ballistic model, steady state is assured as follows: 
in cases where the sticking probability is a function of flux, enough computational 
cycles are performed to reach convergence; in cases with a constant sticking 
probability, the distribution is calculated directly using the matrix method, as 
discussed below.   
6. The re-emission of flux from trench wall follows cosine law. There is a report 
showing that when the adsorption surface has roughness or even micro-structures, 
the re-emission of adsorbed molecules follows a cosine law [21]. 
7.  The inward-tapered trench shape is assumed to have a linear change in width as a 
function of depth, which is the essential result with two-molecule superconformal 
CVD (Chapter 2). 
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3.3  Diffusion-reaction Model 
3.3.1 Model Description 
Under the above assumptions, the transport of gas molecules inside the feature 
consists of line-of-sight trajectories, wall collisions, and reaction to form film or 
reemission in a cosine distribution about the local normal, continuing until all molecules 
have either been consumed or lost back out the opening of the feature.  The net transport 
of molecules is calculated using the diffusion approximation.  We consider conditions 
(partial pressures of precursor and co-reactant) that afford super-conformal growth, as 
described in Chapter 2.  Superconformal growth progressively converts the parallel 
sidewalls of a rectangular trench to an inward-inclined shape (Fig. 3.1).  
Conservation of mass requires that the decrease in the flux of molecules down the 
axis of the feature equal the consumption rate on the sidewalls to deposit film: 
݀ሾܬሺݖሻ ൈ ܣሺݖሻሿ ൌ െܥሺݖሻ ൈ ܴሺݖሻ ൈ ݀ݖȀ  ߠ    (1) 
where J(z) and A(z) are the flux and cross-sectional area at depth z, C(z) is the 
circumference of the trench, and R(z) is the reaction rate, in units of molecules / 
[second×area].  For a trench with length much larger than the width, 
஺ሺ௭ሻ
஼ሺ௭ሻ ൌ ݓሺݖሻȀʹ         (2) 
where w(z) is the width of trench at depth z.   
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Equations (1) and (2), together with Fick’s first law, and the Knudsen gas phase 
diffusivity  
ܦ௞ሺݖሻ ൌ ଵଷݓሺݖሻݒҧ        (3) 
describe the pressure distribution for this inward-inclined sidewall: 
ቐ
ܬሺݖሻ ൌ െ஽ೖሺ௭ሻ௞்
ௗ௉
ௗ௭
ௗሾ௃ሺ௭ሻൈ௪ሺ௭ሻሿ
ௗ௭ ൌ െʹܴȀ  ߠ
       (4) 
When the width decrease is a linear function of depth, and the angle between the 
sidewall and the cross-sectional plane is ș, then: 
ௗ௪ሺ௭ሻ
ௗ௭ ൌ ʹ  ߠ        (5) 
Combining equations (3), (4), and (5): 
஽బ
௞்
ௗమ௉
ௗቂ௭ ௪ሺ௭ሻൗ ቃ
మ െ ʹ  ߠ ஽బ௞்
ௗ௉
ௗቂ௭ ௪ሺ௭ሻൗ ቃ
ൌ ʹܴ  ߠൗ     (6) 
where D0 is the normalized diffusivity, defined as Dk / w(z), which is a constant 
according to Equation (3). When ș is equal to 90°, this equation reverts to the form for a 
rectangular trench.  
For a feature under molecular flow conditions, the coating profile is a function of 
the AR but independent of the absolute dimensions. This is the case because wall 
collisions determine the transport kinetics, and are statistically equivalent for features of 
the same shape but different sizes.  Similarly, in Equation (6) the steady state pressure 
49 
 
profile inside an inward-tapered trench is a function of the ratio of depth over width, here 
called the effective position, ௘ܲ௙௙ . Accordingly, we define the effective aspect ratio, 
ܣܴ௘௙௙, as the integral of the depth increment over the local width, from the opening to 
the bottom of the feature (Eq. 7). This quantity will be used to describe the pressure and 
growth rate profiles in a feature with inward-tapered sidewalls (Eq. 6), and facilitates 
comparison between features.  For features with the same ș angle and AReff, the coating 
profile will not depend on the absolute dimensions. 
For an inward-tapered trench with depth L0 and opening size W0, the AReff and Peff 
(Fig. 3.2) are: 
ቐ
ܣܴ௘௙௙ ൌ ׬ ௗ௭௪ሺ௭ሻ ൌ
୲ୟ୬ఏ
ଶ ቀ
୲ୟ୬ఏȀଶ
୲ୟ୬ఏȀଶି௅బȀௐబቁ
௅బ
଴
௘ܲ௙௙ሺሻ ൌ ׬ ௗ௭௪ሺ௭ሻ ൌ
୲ୟ୬ఏ
ଶ ቀ
୲ୟ୬ఏȀଶ
୲ୟ୬ఏȀଶି௭Ȁௐబቁ
௭
଴
     (7) 
After solving for the steady state pressure distribution as a function of Peff, this 
equation is used to translate the Peff and AReff into the normalized position Pnom and the 
normalized aspect ratio ARnom, which are z/W0 and L0/W0, respectively, in order to 
evaluate the conformality of the coating. According to this equation, the AReff increases to 
infinity when the inward-tapered trench becomes ‘V’ shaped and the depth z reaches the 
very apex, because the width goes to zero.  This mathematical issue does not occur in 
reality because the apex cannot be infinitely small. We assume that the smallest possible 
apex can be approximated by a flat region with a width 0.01 that of the opening.  The 
justification is that at this scale, local effects such as surface roughness and smoothing 
dominate the shape.  For example, a V-shaped trench with a 100 nm opening is assumed 
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to have a 1 nm wide bottom.  For a taper angle of ș = 88°, ARnom = 14.3, but AReff = 66 
(Fig. 3.3). 
The boundary condition for the diffusion-reaction model (Eq. 6) is: 
ቐ
ܲሺͲሻ ൌ ଴ܲ
െ ஽బ௞்
ௗ௉
ௗቂ௭ ௪ሺ௭ሻൗ ቃ
ቤ
௭ୀ௅
ൌ ܴሺܮሻ       (8) 
where the first condition sets the pressure at the opening equal to that of the gas 
source, and the second requires the flux at the trench bottom to equal the consumption 
rate by wall reactions across the bottom. 
With equation (6) and boundary conditions (8), the pressure profile for an inward-
tapered trench can be solved. After converting between pressure and flux, ܨ ൌ
ܲȀξʹߨ݉݇ܶ [22] and cancelling like terms, the diffusion-reaction equation is: 
ௗమி
ௗቂ௭ ௪ሺ௭ሻൗ ቃ
మ െ ʹ  ߠ ௗிௗቂ௭ ௪ሺ௭ሻൗ ቃ ൌ
ଷ
ଶ
ோ
ୱ୧୬ఏ      (9) 
with boundary conditions: 
ቐ
ܨሺͲሻ ൌ ܨ଴
െ ସଷ
ௗி
ௗቂ௭ ௪ሺ௭ሻൗ ቃ
ቤ
௭ୀ௅
ൌ ܴሺܮሻ       (10) 
Consider the example of an inward-tapered trench with an ARnom of 10 (Fig. 3.4.a).  
This is a relevant situation: will continued growth under super-conformal or conformal 
conditions lead to seam-free filling?  We will show that the diffusion and ballistic models 
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give results that are slightly, but significantly, different.  For simplicity, assume a 
constant sticking probability S per wall collision, such that the reaction rate ܴ ൌ ܵ ൈ ܨ.  
As the taper angle ș decreases from 90° to 87.5°, the AReff increases to ~ 24 and the gas 
pressure at the bottom falls (Fig. 3.4.b).  However, the gas transport is not simply a 
function of AReff due to the ș terms in Equation (9).  We illustrate the difference for an 
AR of 24: the drop in gas pressure is smaller in an inward-tapered trench than in a 
rectangular one (Fig. 3.4.c), which helps the filling process.  
3.3.2 Analysis of Critical Condition for Filling  
For a feature with inward-tapered sidewalls, either superconformal or conformal 
coating conditions can afford complete filling[6,7]. However, the effective AR and taper 
angle ș evolve in a significantly different manner for those two cases.  Here we calculate 
the evolution under the assumption that the coating thickness evolves geometrically.  For 
example, consider a rectangular trench with AR = 9 that is partially filled under 
superconformal conditions (SC = 2) in order to taper the sidewalls to an angle of ș = 88.8° 
(Fig. 3.5.a), and the corresponding AReff increases to 20 (Fig. 3.5.c, red dot).   Filling is 
then completed without void or seam formation using superconformal (SC = 2) or 
conformal (SC = 1) growth (Fig. 3.5.b, left and right, respectively). Under continued 
super-conformal growth, AReff increases to ~ 80, and ș decreases slightly to 88.3° as the 
flat bottom converts to an apex; then the AReff falls because the ș value continuously 
decreases. By contrast, for conformal growth AReff increases to ~ 110 and remains 
constant because the V-shape has a constant ș value (Fig. 3.5.c). If the filling method is 
switched to conformal growth at an earlier stage, the AReff and ș for the V shape would be 
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even larger. Thus, successful filling requires high performance by the coating processes: 
in the tapering stage, the super-conformal growth must extend to the bottom of trench 
with increasing AReff, which is aggressive but possible (Chapter 2); this helps to reduce 
the ș and AReff  for the critical V shape.  Then, in the filling stage the growth needs to 
remain super-conformal, or not less than conformal.   
3.3.3 Diffusion-reaction Model of Filling 
In a super-conformal process, the growth rate increases with depth in the feature 
up to a critical depth, and then falls.  For seam-free filling, the critical depth (the peak 
growth rate) must not occur before the apex of the V shape.  We derive the maximum 
depth for super-conformal MgO growth using the kinetic parameters (Chapter 2) for 7.5 
and 3.0 mTorr partial pressures of Mg(DMADB)2 and H2O, respectively, at a temperature 
of 220 °C [23].  The maximum AReff for super-conformal coating increases from 20 when 
ș = 90° to ~ 90 when ș = 80° (Fig. 3.6.a).  
Further insight can be gained using Eq. 7 to translate the maximum AReff into 
ARnom, vs. ș (Fig. 3.6.b). With decreasing ș, the position of the peak growth rate 
approaches and then reaches the apex of the V shape (Fig. 3.6.c). We assume that defect-
free filling will occurs when ARnom for super-conformal growth is  0.99 that of the V 
shaped trench.  In the diffusion model, this is the case for ș  86°, and larger values of ș 
are predicted to produce a defect along the centerline.  
In contrast to this prediction, we have obtained complete MgO filling after a 
tapering stage that gave ș = 87.5° (Fig. 3.7, left).  At this angle, the peak growth rate is 
predicted to occur at 85 – 90 % of the maximum depth of the V-shape, which is marginal. 
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This discrepancy between theory and experiment, although seemingly minor, is a crucial 
because the goal is to develop a robust criterion for defect-free filling.  In fact, this 
discrepancy motivated us to re-examine the transport kinetics in deep features, discussed 
next. 
3.4  Ballistic Transport  
The diffusion model is known to underestimate the transport of molecules to great 
depths in a high AR feature [24].  This occurs because the Knudsen diffusivity assumes a 
single mean free path between wall collisions [20], whereas in reality, molecules that are 
emitted at glancing angles to the centerline of the feature will travel long distances 
without collision.  A ballistic transport model therefore provides more accurate solutions 
to the critical problem of filling the apex of the V without void or seam formation.   
As an illustration, for a bottomless rectangular trench with AR = 100 and a 
constant sticking probability S = 0.01, we simulate a delta function source of particles in 
the middle.  The steady-state flux distributions for the diffusion and ballistic transport 
models are similar between positions 0 (the middle) to 7 or 8 (trench widths)  (Fig. 3.8.a). 
Beyond that distance, the flux in the ballistic transport model is everywhere higher.  At a 
distance of 50, for example, the flux predicted by the ballistic model is 3-4 orders of 
magnitude larger than that in the diffusion model (Fig. 3.8.b).  
The present ballistic simulation differs from previous reports in several respects: 
(i) we consider inward-tapered walls, as required to afford defect-free filling; and (ii) we 
perform calculations under two-component, super-conformal growth conditions, which 
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were not known until our recent discovery [23]; (iii) we simulate the coating profile for 
ARnom, up to 100, which is far larger than in previous studies of shallow features [24].   
3.4.1 Model Description 
The particle transport is calculated in 3 dimensions, then the results are projected 
onto a 2 dimensional cross-section.  This is valid when the feature, e.g. a trench, is very 
long compared with its width W0 and depth L0, such that it can be considered semi-
infinite (Fig. 3.9). For an arbitrary position i inside the trench, the total receiving flux is 
the sum of direct flux from outside the trench and the re-emitted flux from all other 
positions inside the trench that falls onto this position: 
௧݂௢௧௔௟ǡ௜ ൌ  ௗ݂ǡ௜ ൅ ௥݂ǡ௜         (11) 
The direct flux fd,i depends on the position i, and is a constant for a defined trench 
shape, given a stable and uniform source distribution outside the trench. The re-emitted 
flux fr,i approaches steady state after many cycles of wall collisions and re-emission. To 
calculate the direct and re-emitted flux that falls onto position i, the contributions from 
every small area at the trench opening, and from every other position on the trench walls 
need to be summed up. Below, for the derivation of fik,  fr,i, and qik, we adopt the formulae 
and notation by Cale [25]. 
3.4.2 Direct Flux 
For the direct flux, the gas outside the trench is regarded as an uniform and 
isotropic source at the trench opening; the emission across the plane of the opening 
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follows a cosine law [26]. From an arbitrary position k in the trench opening (Fig. 3.9), 
the flux that falls onto position i obeys:  
௜݂௞ ൌ ݁௞ሺߗ௞௜ሻܭ௜௞ ଵగ
ୡ୭ୱሺఆ೔ೖሻ
ௌ೔ೖమ
      (12) 
where the ek is the total equivalent emission flux from position k. ȍki is the angle 
between connection of ki and k’s normal. Kik stands for visibility between the two 
positions, which equals 1 if k and i are visible to each other, otherwise 0. For our analysis 
here for filling of V-shape trench, Kik is constantly 1. Similarly, ȍik is the angle between 
connection of ki and i’s normal, and Sik stands for the length of connection of ik. So, the 
last term gives the solid angle of unit area at position i to position k, and 1/ʌ is the 
normalization factor. The total direct flux to position i is then:  
ௗ݂ǡ௜ ൌ σ ௜݂௞௞          (13) 
As the source is uniform, the emission flux ek is the same for all other opening 
positions. If we define the term qik as 
ݍ௜௞ ൌ  ଵగ ܭ௜௞
ୡ୭ୱఆ೔ೖ ୡ୭ୱఆೖ೔
ௌ೔ೖమ
       (14) 
Then, this qik term gives the fraction of emission flux from position k that hits 
position i, and the total direct flux to position i is an integration over all such positions on 
the trench opening surface: 
ௗ݂ǡ௜ ൌ ׭ሺ݁ כ ݍ௜௞ሻ݀ܣ௞        (15) 
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Setting the origin at the center of the trench opening, we derived the formula for 
the direct flux to position i (yi, zi): 
ௗ݂ǡ௜ ൌ
ͳ
ʹ ݁ ൈ ሺݖ଴ െ ݖ௜ሻሼሾെݕ௜  ߙ௜ ൅ ሺݖ଴ െ ݖ௜ሻ  ߙ௜ሿ ൈ ܯ ൅  ߙ௜ሺܰ ൅ݕ௜ ൈ ܯሻሽ 
          (16)  
where 
ܯ ൌ ௬బି௬೔ሺ௭బି௭೔ሻమඥሺ௬బି௬೔ሻమାሺ௭బି௭೔ሻమ ൅
௬బା௬೔
ሺ௭బି௭೔ሻమඥሺ௬బା௬೔ሻమାሺ௭బି௭೔ሻమ
  
ܰ ൌ ଵඥሺ௬బା௬೔ሻమାሺ௭బି௭೔ሻమ െ
ଵ
ඥሺ௬బି௬೔ሻమାሺ௭బି௭೔ሻమ
  
Here Įi is the angle between position i’s normal and the y-axis (equals zero for a 
rectangular trench), z0 is the z coordinate for the opening surface (equals zero before 
deposition), and y0 is the y coordinate for the trench edge at the opening. 
3.4.3 Re-emitted Flux 
The re-emission from an arbitrary position j inside the trench also follows a 
cosine distribution with respect to the local normal, as confirmed by numerical simulation 
for re-emission after multiple reflections in surface micro-structures [21].  The total re-
emitted flux to position i is: 
௥݂ǡ௜ ൌ ׭ሺ ௝݁ כ ݍ௜௝ሻ݀ܣ௝        (17) 
where Aj is a small area at arbitrary position j located on the trench sidewall or 
bottom. However, as the re-emitting flux ej varies varies with position, and would change 
57 
 
as it approaches steady-state after multiple cycles of collision and re-emission, the 
calculation has to discretize the positions inside trench to a series of nodes. 
As the trench is symmetric along the x axis, the results can be projected onto the 
y-z plane [25]. Then, discretizing the positions along the cross-sectional shape of the 
trench, the re-emitting flux that hits position i follows: 
௥݂ǡ௜ ൌ σ ௝݁ כ ݍ௜௝Ԣ כ ௝݈௝ஷ௜        (18) 
where qij’ is integration of qij over the x axis, and lj is the length of section j. 
Some fraction of the total flux impinging on position i is consumed by surface 
reaction to form film, and the rest is re-emitted: 
݁௜ ൌ ௧݂௢௧௔௟ǡ௜ െ ݎ௜        (19) 
3.4.4 Matrix Notation and Calculation for Steady-state Distribution 
Based on the model described above, we develop a computationally efficient 
approach, which is to group the direct and reemitted fluxes for all nodes of the trench into 
vectors, and use a matrix to represent the transport probability between every pair of 
nodes: 
ܨ ൌ ܧ כ ܳ ൅ ܨௗ        (20) 
ܧ ൌ ܨ െ ܴ         (21) 
where F is a vector of receiving flux for all nodes, E is a vector of product of 
emission flux and node length, e*l, Q is the matrix of the transmission probability, qij’, Fd 
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is a vector of direct flux, and R is the vector for the reaction rate, which can be a function 
of receiving flux.  
The initial conditions for the model are: 
൝
ܨ௧଴ ൌ ܨௗ
ܧ௧଴ ൌ Ͳ
ܴ௧଴ ൌ ݂ሺܨ௧଴ሻ
         (22) 
where Ft0, the initial receiving flux vector equals the direct flux vector (Eq. 16); 
Et0 , the initial emitting flux vector, equals zero; and the initial reaction vector Rt0 is 
calculated based on Ft0. Afterwards, the E and F can be re-calculated with each other 
according to Eqs. 20 and 21, until a self-consistent solution is found. When this group of 
equations achieves steady-state, the stable flux distribution is represented by F. 
3.4.5 Constant Sticking Probability Case 
In the limit of low pressure (low flux) reaction conditions, the flux and reaction 
rate are related by a constant sticking probability, which is the ratio of reacted flux over 
the total received flux: 
ܴ ൌ ܨ כ ܵ         (23) 
The following self-consistent equation represents the steady-state: 
ܨ ൌ ܨ כ ሺͳ െ ܵሻ כ ܳ ൅ ܨௗ       (24) 
Solving this equation – which implicitly contains the infinite series of internal re-
emissions – we obtain: 
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ܨ ൌ ி೏ሾଵିሺଵିௌሻήொሿ        (25) 
Thus, in the case of constant sticking probability, the stable flux distribution can 
be derived from a single equation. 
As a test of the ballistic transport model, we consider the steady-state flux 
distribution in a rectangular trench with AR = 10 under condition of zero sticking 
probability.  The walls are divided into 800 nodes.  Thermodynamic equilibrium requires 
that the flux to all surfaces be identical, no matter the incident flux distribution.  The flux 
predicted after 2*105 iterations is constant with an error of 0.5 %, which we deem 
acceptable (Fig. 3.10). This is the maximum possible error level for our model, 
considering that with higher sticking probabilities, fewer cycles of calculation are needed 
to reach the steady-state. The direct flux distribution at the entrance is, as expected, half 
that outside the trench because the each sidewall edge is exposed only to half the solid 
angle of the source volume.  
3.5  Comparison Between the Diffusion and Ballistic Models 
3.5.1 For a Constant Sticking Probability 
The flux profile is calculated using the diffusion and the ballistic models, for 
constant sticking probabilities of 0.001, 0.01 or 0.1, in a rectangular trench of AR = 10 
(Fig. 3.11, left) and in a V-shaped trench with ș = 88° (Fig. 3.11, right). For the latter, the 
ARnom is 14.3 (Fig. 3.11). At large depth and small sticking probability (0.01 or 0.001), 
the flux predicted by the ballistic model is consistently higher than that by the diffusion 
model. This difference is particularly pronounced at the bottom of the V-shaped trench, 
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where the magnitude of flux is crucially important for defect-free filling. We stress that 
the diffusion formalism makes an unphysical assumption – constant scattering length – 
that is removed in the ballistic model. For this reason, we maintain that the higher fluxes 
are correct, and that the filling problem is more tractable than would be assumed under a 
diffusion simulation.  
3.5.2 For Super-conformal Coating Conditions 
For a wide variety of coating conditions, the sticking probability is pressure (flux) 
dependent because adsorption is governed by a kinetic competition for surface sites [23]. 
The super-conformal process (Chapter 2) takes advantage of this competition, in 
combination with different pressure drop gradients for the two components, to afford an 
increasing growth rate at depth. We first discuss how this complex dependence is handled 
within the diffusion and ballistic models. Note that a constant sticking probability – 
growth rate linearly proportional to flux – obtains only in the absence of kinetic 
competition.  Here, sticking probability should be understood to mean a particular steady-
state solution for the ratio of reaction rate to incident flux at a given depth in the feature, 
not a constant.  
To illustrate the flux dependence, we perform calculations for the MgO CVD 
system using the first-order reaction model of Chapter 2 under super-conformal coating 
conditions, namely P(Mg(DMADB)2) = 7.5 mTorr and P(H2O) = 3.0 mTorr at a growth 
temperature of 220°C. At these starting pressures, the sticking probability = 0.002 for the 
Mg precursor, comparable in magnitude to the constant sticking probabilities discussed 
above. One physical complication, as discussed in Chapter 2, is that the molecules exhibit 
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an adsorption residence time on the growth surface.  This is a distinct, weaker effect than 
the strong interaction of molecules onto binding sites on the film surface.  This residence 
time adds to the molecular flight time and reduces the transport rate of the molecules in 
the feature by the factor: 
ܭ ൌ
ೢ
ೡഥೢ
ೡഥାఛబ
         (26) 
where K = 0.055 and 0.038 for H2O and Mg(DMADB)2, respectively.  In the 
diffusion model we adopt the diffusivity given by in Eq. 10 in Chapter 2, which equals 
the Knudsen diffusivity multiplied by the factor K. In the ballistic model all flux terms 
are multiplied by K; accordingly, to keep the growth rate unchanged, the adsorption 
coefficients are divided by K. (The rate constants kdes and kr remain unchanged, and the 
pressure P are converted into fluxes within the kads term.) Following the procedure 
introduced earlier (Eqs. 20-22), convergence is reached in about 1.5*105 computational 
cycles. 
The models predict somewhat different MgO coating profiles as a function of the 
taper angles (Fig. 3.12). For a rectangular trench, ș = 90°, the positions of the peaks are 
essentially identical. As the taper angle ș is reduced (the features becomes more V-
shaped), the ballistic model consistently predicts a deeper position for the peak growth 
rate than the diffusion model due to differences in the flux gradient. For ș = 89°, the peak 
still occurs above the bottom of the feature and a void space would be formed. For ș = 
88°, the peak position is very close to the apex, and it may be viable (in view of the 
assumed bottom boundary condition) to produce void-free filling. When ș = 87°, the 
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diffusion model predicts a peak growth rate appreciably above the bottom, while the 
ballistic model predicts that the reaction rate is still increasing at the bottom.  
In summary, for MgO CVD system, the normalized depth of the peak growth rate 
approaches unity at taper angles about 2 degrees higher in the ballistic model than in the 
diffusion model (Fig. 3.13). With ș increased from 86° to 88°, the maximum ARnom for 
complete filling almost doubles, from 7.2 to 14.3. The increased ș predicted by the 
ballistic model is consistent with our experimental observation that complete filling can 
be achieved in a rectangular trench (AR 9:1 and depth over opening ratio = 11.5) that had 
been tapered to ș = 87.5° (Fig. 3.7).  
An important question is whether the quantitative behavior exhibited by the MgO 
super-conformal system represents, at least qualitatively, the possibilities for void-free 
filling in other systems? Our response is a definite yes, based on the following 
considerations: 
1. Super-conformal coating behavior (Chapter 2) is predicted to occur for a 
variety of other CVD precursors based on the reported negative differential in growth rate 
vs. source or co-reactant pressure, combined with a difference in the transport rates of the 
precursor and co-reactant due to their molecular weights. 
2. The mathematical criteria for filling derived in this Chapter are general and 
easily extended to other systems using the diffusion model as a first estimate. The 
ballistic transport effect then assures that the filling of deep positions in the feature will 
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be better than predicted using the diffusion approximation. And of course, researchers so 
inclined can perform ballistic transport simulations directly. 
3.6  Conclusions 
We describe the opportunities and limits for filling deep features under conditions 
that avoid the formation of a void or seam along the centerline. To fill a rectangular 
trench, the sidewalls must first be tapered using conditions that afford a super-conformal 
thickness profile; then filling can be completed using either super-conformal or 
conformal conditions. Within the diffusion-reaction formalism, we derive the concept of 
effective AR to describe the partial pressure distribution and the reaction (growth) rate 
profile. For example, at a constant depth/opening ratio of 10, the effective AR increases 
with sidewall tapering angle ș, which decreases the precursor pressure at the bottom. We 
also derive the particle transport within the feature using a ballistic simulation. This 
approach correctly accounts for collisionless, long-range trajectories and predicts that 
defect-free filling will occur with less sidewall tapering than in the diffusion model. We 
model the super-conformal CVD of MgO as a function of sidewall taper. The ballistic 
transport model predicts complete filling, in agreement with experiment, whereas the 
diffusion model predicts seam formation. The trends found in this work are general, and 
the computational methodology can be used to predict the performance of any system for 
which the rate coefficients for the growth process are known.   
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3.8  Figures 
 
Figure 3.1. Schematic showing of a segment of inward-inclined sidewall trench with 
tilting angle ș. Both the flux and the trench width are decreasing when gas molecules 
transport through this segment, and the decreased amount is equal to the consumption by 
reaction on the sidewall, whose length is dz / sinș. 
 
 
Figure 3.2. The effective position for a V-shape trench with wall incline angle ș equals 
the integral of the depth increment over the local width.  The formula blows up for z = L0, 
but that mathematical singularity is not present in the ballistic transport formulation 
(below). 
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Figure 3.3. The effective AR vs. depth up to 99% of the apex at L0, for a V-shaped trench 
with ș = 88°. 
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Figure 3.4. (a) Schematic of a trench with inward-tapered sidewalls for L0/W0 = 10; the 
taper angle șs can vary.  (b) During film growth, the decrease in precursor pressure vs. 
depth in the trench as a function of taper angle șs, for a wall reaction probability of 0.01. 
(c) Pressure drop profiles for an effective AR 24 with taper angle șs = 87.5° or 90°. 
(a) (b) 
(c) 
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Figure 3.5. Simulated trench coating profiles with increment in coating thickness; note 
the different length scales for the width and depth (see text for details). (a) Conversion of 
a rectangular trench with AR = 9 to one with taped sidewalls using super-conformal 
coating with SC = 2.  (b) Continued filling of the trench in a. using super-conformal 
coating (SC = 2, left), or conformal coating (SC = 1, right), up to complete filling. (c) 
The effective AR for the conditions in b. throughout the filling process. The red dot 
indicates the effective AR after the first stage (a).  
(a) 
(c) 
(b) 
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Figure 3.6. (a) Calculated maximum effective ARs in which super-conformal coating can 
occur in a V-shape trench as a function of șs.  Kinetic parameters correspond to CVD of 
MgO using co-reactants Mg(DMADB)2 (7.5 mTorr) and H2O (3.0 mTorr) at 220 °C.  (b) 
Comparison between normalized position for peak growth rate (as converted from AReff  
using Eq. 7) and the normalized AR for a V-shaped trench with different șs. (c) The 
maximum relative position for peak growth rate down to the apex of the V-shape trenches.  
Values  99 % can afford seam-free filling, hence a taper angle  86° is required.   
(a) (b) 
(c) 
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Figure 3.7. SEM cross-sectional images of a trench with AR = 9 at two stages of filling 
with MgO under super-conformal conditions.  A V-shaped coating (left) leads to 
complete filling (right).  
 
 
Figure 3.8. (a) Comparison between diffusion-reaction model and ballistic transport 
model for estimation of steady-state flux distribution for a bottomless rectangular trench 
with AR of 100. It is assumed that emission is a delta function at position 0, and sticking 
probability is a constant, 0.01. (b) Time evolution of the flux values at z/w = 50 by the 
two models, showing 3-4 orders of magnitude larger value by ballistic transport model at 
steady state. 
(a) 
(b) 
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Figure 3.9. Coordinate system xyz for a rectangular trench with width W0, depth L0, and 
infinite length.  In the calculations, the 3-dimensional fluxes are projected onto a 2-
dimensional cross-section.  The flux falling on position i is found by integration over all 
elements connected to i by a solid angle.  Representative small areas on the sidewall and 
the opening surface are labeled as j and k; arrows indicate the local normal directions. ȍij 
and ȍji are the angles formed by the connection between i and j with respect to the local 
normals. Sij is the length of the connection between i and j.  
 
Figure 3.10. Ballistic transport simulation of the direct flux and steady-state flux 
distributions in a rectangular trench with AR = 10, under the condition of zero sticking 
probability.  The result that the steady-state flux is almost unity everywhere indicates that 
the ballistic model includes enough particle trajectories to approach the thermodynamic 
limit.   
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Figure 3.11. Normalized particle fluxes calculated using the diffusion-reaction model or 
the ballistic transport-reaction model inside a trench of AR =10 for ș = 90° (left) or 88° 
(right), for sticking probability S =  0.1, 0.01, or 0.001.  At large z, the diffusion model 
underestimates the local flux and thus the possibility of seam-free filling.   
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Figure 3.12. Comparison of the growth rate profiles using two-molecule CVD model for 
MgO with P[Mg(DMADB)2] = 7.5 mTorr and P(H2O) = 3.0 mTorr, at growth 
temperature 220°C, as described in Chapter 2. The growth rate profiles are estimated by 
diffusion reaction model (black line) and ballistic transport model (red line), for 
rectangular trench (a), and for V-shape trench with ș = 89° (b), 88° (c), and 87° (d). The 
fluxes in ballistic transport model are adjusted by the factor K, as discussed in text. For 
the diffusion-reaction model, the maximum depth for super-conformal coating is set as a 
boundary condition (deeper profiles are not shown).  For ș = 90°, AR = 100 is used to 
illustrate the challenge of filling very deep features. 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Figure 3.13. Summary plot for MgO CVD system: the maximum depth for super-
conformal growth as a function of taper angle ș predicted by the diffusion-reaction model 
or the ballistic transport-reaction model.  The diffusion approximation requires ș  86°; 
the more accurate ballistic simulation requires ș  88° which is significantly easier to 
achieve experimentally.   
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CHAPTER 4 
RE OXIDE CVD WITH RE(DMADB)3 PRECURSORS AND WATER 
 
4.1  Introduction 
Rare earth (RE) oxides have been actively studied for various applications, such 
as serving as potential substitute for SiO2 gate dielectric [1-7] or as optical coatings [8], 
due to their high dielectric constants (~12-14) [9,10], high break-down voltage [11], and 
outstanding transparency across a wide range of frequencies [12]. RE doping is also very 
important in illumination applications, because of their unique electronic energy level 
structures [13-19]. 
To manufacture RE oxide films, the method typically utilized is physical vapor 
deposition (PVD). There are reports of thermal or e-beam evaporation of RE oxide 
powder onto various substrates [20-22], and the resultant film is amorphous or crystalline 
[3], depending on the conditions used. However, PVD is not good at coating for 
structures with AR larger than ~ 7 [23]. ALD and CVD provide a solution for uniform 
coating on 3-dimensional structures. A series of RE precursors with 2,2,6,6-tetramethyl-
3,5-heptanedione (thd) ligand is commercially available, and their CVD or ALD growth 
behavior with ozone or oxygen plasma as the oxygen source has been reported [24-34]. 
For several RE elements, there are also carbon- or nitrogen- coordinated precursors 
available for reaction with water as co-reactant [24,35-38]. 
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Recently, the group of Prof. G. S. Girolami synthesized new precursors for every 
lanthanide element except Eu and Yb using the DMADB ligand [39]. These precursors 
are promising to afford RE oxide films by CVD method using water as co-reactant, 
similar to results for the Mg and Ti analogues [40]. Here we report the growth and film 
properties for the Tm, Er, and Y compounds; we expect that the other precursors will 
have similar properties. 
4.2  Experiment 
The chamber is a cold wall CVD system, equipped with spectroscopic 
ellipsometry, as introduced in Chapter 1. The substrate is single-side polished n-type Si 
(100) covered with native oxide. After ultrasonic cleaning with acetone, isopropyl 
alcohol and DI water, the substrate is dried with flowing N2 then loaded into the chamber. 
The precursors used are Y(DMADB)3, Er(DMADB)3, and Tm(DMADB)3 [39]. These 
molecules are stored in separate glass containers in the form of fine powders showing 
greenish, pink, and white colors under sunlight for Tm, Er, and Y, respectively. The 
precursors can be stored in room temperature for months without noticeable degradation. 
Ar (flow rate 20-50 sccm) is used as a carrier gas for RE precursors (but not for the Mg 
compound). The precursor delivery line inside the growth chamber is 7 cm away and 
perpendicular to the substrate, to increase the local flux. Deionized (DI) water is injected 
as a background pressure of 0.1 - 0.7 mTorr (not as a directed flux), to serve as the 
oxygen source.  During growth, the Er, Tm, and Y precursor containers are heated to 110 
°C. The substrate temperature ranges from 200 – 550 °C. Er doping into Y2O3, and Tm 
doping into MgO are obtained by co-flowing the precursors for dopant and host material.  
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Film thickness and microstructure are studied with SEM, and film composition is 
determined by RBS. 
4.3  Result and Discussion 
4.3.1 Growth Kinetics 
The CVD for these oxides is flux limited due to the low vapor pressure of the 
precursor molecules. We determined the reaction without and with the co-reactant 
present. At substrate temperatures above 300 °C the Y(DMADB)3 precursor self-
decomposes on the surface, forming a compound of Y, B, and possibly N. Adding H2O 
has almost no effect on the high temperature reaction rate. Below 300 °C, the self-
decomposition rate is undetectable with in-situ SE. In the presence of water at substrate 
temperatures of 200 – 300 °C, oxide film is deposited at a rate of ~ 0.2 Å/min.  
For the Er and Tm compounds, self-decomposition is not detected at substrate 
temperatures up to 550 °C. In the presence of water, neither precursor initially reacts on 
the Si substrate, presumably due to very slow nucleation at low precursor flux. However, 
if a MgO layer is first deposited on the substrate, then erbium oxide and thulium oxide 
can be deposited, with no nucleation delay, at a rate of ~ 0.2 Å/min for all substrate 
temperatures.  
4.3.2 Film Morphology 
Cross-sectional SEM images reveal a uniform (featureless) structure for a 20 nm 
thick yttrium oxide film deposited at 300 °C, and for a 30 nm thick Er oxide film on MgO 
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layer deposited at 270 °C (Fig. 4.2). At higher growth temperatures, the surface of Er 
oxide becomes rough, presumably due to crystallization and faceting. 
4.3.3 Film Composition 
For Er and Y oxide films, XPS reveals a B content up to ~ 10 at. % when a low 
water pressure (< 0.5 mTorr) is used. For Tm oxide, as the Tm 4d peak is located at the 
same position as the B 1s peak, the B content level cannot be accurately determined. 
Other possible impurities, including C and N, are not detectable. For yttrium oxide 
deposition, at a water pressure  0.5 mTorr, the B content decreases to  5 at. %. The 
compositions for Y and O are ~ 57 at. % and 39 at. %, respectively, consistent with a film 
stoichiometry of Y2O3.  
4.3.4 RE Doping 
Since these precursors as based on the same DMADB ligand, it is plausible that 
doping RE atoms into oxide hosts will be straightforward. The doping of Tm into MgO 
and of Er into Y2O3 have been studied.  
Tm doping in MgO is realized by co-flow of Tm(DMADB)3 and Mg(DMADB)2 
in the presence of H2O at 320 °C. In the middle of the deposition, the Tm precursor is 
switched off for 3 minutes out of total growth time of 10 minutes. In-situ ellipsometry 
reveals film thicknesses, from the substrate up, of 60 nm with Tm co-flowing, 50 nm 
without, and 50 nm with Tm co-flow again. The Tm concentration profile has peak 
values at the top surface and at the substrate interface (Fig. 4.3). Tm in MgO exhibits an 
apparent solubility limit of about 0.04 at. % as measured independently by RBS. 
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Er doping into Y2O3 is realized by co-flowing Er(DMADB)3 and Y(DMADB)3 
together with water. Er has a similar atomic size as Y, and the oxides for these two 
elements shares the same crystalline structure [41], hence, the oxides are mutually soluble 
over the entire composition range [42]. To control the Er density, the precursor container 
temperature is varied. When both precursor containers are heated to 110 °C, the Er:Y 
ratio in the mixed oxide is ~ 1:1 according to RBS. When Er precursor is at room 
temperature, and the Y precursor maintained at 110 °C, the Er:Y ratio is ~ 1:2.7 (Fig. 
4.4). To utilize Er as a luminescent center, its concentration should be further reduced to 
~ 0.1 – 2 at. % [41]. This can be accomplished by decreasing the carrier gas flow rate or 
the source temperature for the Er precursor. 
4.4  Conclusion 
A series of RE(DMADB)3 precursors that were recently invented are tested for 
CVD growth with water as the co-reactant at 200 - 300 °C. Yttrium oxide and erbium 
oxide have been successfully deposited onto Si (100) substrate and onto MgO, 
respectively, at a similar growth rate around 0.2 nm/min. The yttrium oxide is found to 
have the composition of Y2O3, contaminated with ~ 4.4 at. % of B when a water  0.5 
mTorr is used. With lower water pressures, the B composition increases, up to 10 at. %. 
The doping of Tm into MgO, and Er into Y2O3 is achieved by co-flowing the precursors 
for dopant and oxide host. The doping level of Tm in MgO is limited by its solubility, 
which is about 0.04 at. %, as evaluated by SIMS and RBS. Er doping in Y2O3 is achieved 
with varying Er:Y ratio of 1:1 to 1:2.7, by changing the sublimation of the Er precursor. 
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4.6  Figures 
 
 
 
 
 
Figure 4.1. Growth of film from Y(DMADB)3 without and with  water co-reactant at 
different temperatures on a Si (100) substrate. Y(DMADB)3 self decomposes slowly at 
320 and rapidly at 480 °C. At 230 and 320 °C, Y(DMADB)3 reacts with water to afford 
film at ~ 0.2 nm/minute. 
  
Figure 4.2. Cross-sectional SEM images for (a) Y oxide on Si(100) substrate, and (b) Er 
oxide on MgO on Si(100) substrate. 
Figure 4.3. SIMS for MgO with layers of Tm doping. Real-time spectroscopic 
ellipsometry during film growth indicated, from the Si substrate up, layer thicknesses of 
60 nm with Tm(DMADB)3 co-flow, 50 nm without, and 50 nm with co-flow again. Tm 
in MgO exhibits an apparent solubility limit of about 0.04 at. % as measured 
independently by RBS.
(a) (b)
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Figure 4.4. RBS spectrum for Er doping into Y2O3, deposited on a Si(100) substrate, with 
surface energy positions noted. Based on the integrated area covered by the peaks, the Er 
: Y ratio is 1 : 2.7.  
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CHAPTER 5 
CVD OF TiO2 THIN FILMS AT LOW-TEMPERATURE FROM 
Ti(DMADB)2 AND WATER 
5.1  Introduction 
Titanium dioxide, TiO2, is a useful material owing to its photocatalytic properties 
and exceptional chemical stability in aqueous environments [1]. When irradiated with 
ultraviolet light, it is able to split water and generate H2 [2-7], to degrade organic 
pollutants in water purification processes [8-10], to act as a self-cleaning surface [11-13], 
and to perform other useful catalytic reactions [14]. Photocatalytic activity with visible 
light can be achieved by coating TiO2 with dyes [15] or doping it with various 
heteroatoms [16]. In addition, the high dielectric constant of the rutile phase, ~ 80, makes 
TiO2 an attractive capacitor [17] and gate dielectric [18] material.   
TiO2 coatings can be deposited by sol-gel [19], magnetron sputtering [20], 
chemical vapor deposition (CVD) [21], and atomic layer deposition (ALD) [22,23] 
processes.  We focus on the latter two because they are most amenable to conformal 
deposition. Interestingly, the catalytic properties of TiO2 are often enhanced if it is 
prepared as a mixture of the anatase and rutile phases rather than as a single phase 
material [24-27]. The ability of various CVD and ALD precursors to afford mixed phase 
TiO2 has been investigated as a function of film thickness [26], co-reactant pressure [28], 
and temperature (Table 5.1). For example, the precursors TiCl4 and TiI4 afford mixed 
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phase films at ~ 325°C; for most other precursors, the deposition temperature to obtain 
mixed phase films (as opposed to amorphous or single-phase material) is typically ~ 600-
700°C.
Here I report the deposition of TiO2 films by CVD from a recently synthesized 
precursor, Ti(DMADB)2, where DMADB = N,N-dimethylaminodiboranate 
(H3BNMe2BH3-) [29]. This precursor is a solid with a vapor pressure of 0.01 - 0.1 Torr at 
25°C (estimated by comparison of the sublimation rate with those of other volatile 
compounds). The magnesium analog Mg(DMADB)2 reacts cleanly with water under 
CVD conditions to form MgO with liberation H2 and volatile N,N-
dimethylaminodiborane (B2H5NMe2) [30]. I will show that a similar reaction of 
Ti(DMADB)2 with water affords an attractive, halogen-free route for the growth of high 
quality TiO2 films at temperatures as low as 150°C, and mixed phase oxide at 350 - 
450°C, similar to TiCl4 and TiI4.
5.2  Experiment 
The Ti(DMADB)2 precursor is synthesized as previously described [29].  
Film deposition is carried out in a cold wall high vacuum system [31] with a base 
pressure of 10-8 Torr, most of which is H2 [32]. The substrates are single crystalline n-
type Si (100) covered with ~ 2 nm of native oxide and heated directly by passage of a dc 
current. The precursor and water are stored in separate glass tubes and enter the chamber 
through separate stainless steel tubes that are nearly perpendicular to and 7 cm away from 
the substrate holder. Both source containers are kept at room temperature during 
deposition. No carrier gas is used with the precursor. A capacitance manometer measures 
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the average total pressure inside the chamber, which is lower than the effective pressures 
of reactants that effuse from the tubes and impinge on the substrate surface.  
Film thickness is measured in-situ by spectroscopic ellipsometry.  The reference 
dielectric function is determined by ex-situ variable angle spectroscopic ellipsometry on 
identically-prepared material.  Ellipsometry values are within ± 5 % of those measured by 
post-growth SEM. The film phases are determined using XRD in the ș-2ș geometry. The 
film stoichiometry is analyzed by RBS and the impurity content by XPS and AES. The 
XPS spectra are energy calibrated using the C 1s peak at 284.6 eV. 
5.3  Results and Discussion 
5.3.1 Composition  
The composition of films grown from the Ti(DMADB)2 precursor depends on the 
deposition conditions. When no water is used as a co-reactant, the precursor decomposes 
on the growth surface at temperatures > 300°C to afford deposits containing mostly 
titanium and boron. With sufficient water partial pressure, high purity TiO2 can be 
obtained. For representative conditions, e.g., a precursor pressure of ~ 0.01 mTorr, a 
water pressure of 2.0 mTorr, and a growth temperature of 350°C, the total content of B, C 
and N is < 1 at. % (Fig. 5.1, inset).  
A strong C 1s peak is seen for the air-exposed surface, but disappears after Ar+
sputtering, indicating that the bulk is carbon-free.  Peaks due to B, C and N are 
undetectable on a survey scan. In high resolution spectra, very weak signals for the N 1s 
and B 1s peaks are observed, accounting for no more than 0.5 at. % each. The O 1s 
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binding energy is 529.9 eV, and the Ti 2p1/2 and 2p3/2 peaks have binding energies of 
464.2 and 458.5 eV, respectively.  The XPS data agree very well with the reported values 
for TiO2 but not with those for other oxidation states [33].  Additional small features in 
high-resolution scans indicate trace amounts of suboxides or defect states (Supplementary 
Materials).   
5.3.2 Growth Kinetics 
At a substrate temperature of 150-450 °C, the growth rate is ~ 1.2 nm/min and is 
only weakly temperature dependent. However, with increasing water partial pressure, the 
growth rate steadily decreases (Fig. 5.2). The reduction of the growth rate at higher water 
pressures is attributed to a shift of the competitive adsorption equilibria on the growth 
surface to a water-rich condition, away from the ratio that affords maximum rate [34].  
This behavior has the advantage that it can lead to films that are highly conformal [34]. 
We previously reported a kinetic study of competitive adsorption and its effect on growth 
rate for a similar system, the growth of MgO films using Mg(DMADB)2 and H2O; for 
that system, the data fit well to a first-order adsorption-reaction model [35].  
5.3.3 Microstructure and Crystallinity 
Films deposited at 400 °C are continuous and dense (Fig. 5.3). The surface 
roughness results from crystallization and faceting at this growth temperature.  
TiO2 films deposited at 350 and 450°C show preferred orientations for the anatase 
(004) and rutile (210) planes, indicated by the major peaks at 38° and 44° (Fig. 5.4). The 
rutile to anatase ratio increases at higher growth temperature. Additional small peaks 
occur in positions corresponding to reported suboxides [36], but a precise match is not 
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obvious; we interpret that preferred orientation or defect states are responsible.  Overall, 
the data indicate that CVD from Ti(DMADB)2 and H2O affords mixed phase TiO2 films 
at a relatively low temperatures, 350-450°C.  Similar results can be achieved using TiCl4
or TiI4 as the precursor [37,38], but the current method has the advantage of avoiding the 
presence of halogens.   
5.4  Conclusion 
A recently synthesized precursor, Ti(DMADB)2, reacts with H2O to afford TiO2
films by CVD at modest temperatures. With sufficient water pressure, the films are 
stoichiometric with a total impurity content < 1 at. %. Films grown at substrate 
temperatures of 350-450°C consist of a mixture of anatase and rutile; the rutile content 
increases with temperature. The film growth rate is weakly dependent on temperature, 
and the pressure dependence of the growth rate is consistent with competitive adsorption 
of the Ti precursor and water on the growth surface. The Ti(DMADB)2 - H2O system 
may be of technological interest due to the ready formation of mixed phase material at 
low temperature from a highly volatile halogen-free precursor.   
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Figure 5.1. XPS survey scan spectra for TiO2 film grown on Si(100) from Ti(DMADB)2 and 
water at 350°C.  Inset: high resolution scans for N 1s, C 1s (including the spectrum after Ar+
sputtering), and B 1s regions, respectively. 
Figure 5.2. TiO2 growth rate from Ti(DMADB)2 and water as a function of water pressure. 
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Figure 5.3. Cross-sectional SEM image of a TiO2 film grown from Ti(DMADB)2 and water at 
400 °C. 
Figure 5.4. XRD for TiO2 film deposited from Ti(DMADB)2 and water at 350°C (red) and 
450°C (black), on Si(100) substrates. The anatase peaks are labeled with A, the rutile peaks with 
R. The peak at 33° is due to the Si substrate.   
 
500 nm
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Supplemental material: 
Figure 5.5. High resolution XPS spectrum of the TiO2 films deposited from Ti(DMADB)2 and 
water at 350 °C.  The Ti 2p peaks, which have been fit to Gaussian line shapes, are centered at 
458.5 and 464.2 eV.  
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CHAPTER 6 
ATOMIC LAYER DEPOSITION OF MgO WITH Mg(DMADB)2 AND H2O
6.1  Introduction 
Atomic layer deposition (ALD), makes use of sequential self-terminating surface 
reactions between two components to afford highly conformal coatings [1-3]. ALD can coat very  
high AR features, provided that gas dosing is performed long enough for each component to 
diffuse into and saturate the wall surfaces [2]. In addition, ALD provides digital control of the 
coating thickness, via the number of dosing cycles, which makes it widely used in the integrated 
circuit industry [4].  
MgO has a wide band-gap (7.8 eV) and high secondary electron yield coefficient; it is 
widely used as the barrier layer in magnetic tunnel junctions [5,6], and as the wall in plasma 
devices [7]. Conformal coating of MgO is required in devices with 3-dimensional structures. 
Previous studies of MgO deposition by ALD have mostly employed ȕ-diketonate or 
cyclopentadienyl (Cp)- based precursors. The ȕ-diketonate precursor is not very reactive and 
requires a strong oxidant, like ozone [8] or hydrogen peroxide [9]. With ozone as the co-reactant, 
the growth exhibits self-limiting behavior at 225-250 °C, and a rate of ~ 0.27 Å/cycle. With 
H2O2, the growth requires a minimum temperature of 300 °C, and growth rate is lower.  Partial 
decomposition of the precursor has been reported, which introduces carbon impurities into the 
film. By contrast, the Mg(Cp)2 [10] and Mg(CpEt)2 [11] have comparatively high vapor pressure 
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and will react with a weak oxidant like H2O; they afford good properties at a substrate 
temperature of ~ 250 °C. The growth rate per cycle with these two molecules is a little higher 
than 1.0 Å/cycle.  
Here we explore the performance of a new precursor, Mg(DMADB)2, for conformal 
MgO growth in ALD mode. This precursor affords excellent films by CVD using H2O as a co-
reactant at substrate temperatures of 225-500 °C [12]. It has very high vapor pressure, ~ 0.8 Torr 
at RT (the highest reported for any Mg-bearing molecule) and a clean reaction pathway with 
water to liberate H(DMADB), a volatile product. We report that Mg(DMADB)2 and H2O afford 
MgO films by ALD at the highest rate (~2.2 Å/cycle) of all Mg precursors. 
6.2  Experiment 
ALD is carried out in a system of UHV construction described in Chapter 1, but with 
pneumatic valves in place of the manual valves. The ALD dosing cycles are programmed and 
controlled by a Labview module. However, the chamber was not designed for ALD and does not 
have a laminar flow pattern. Thus it is not possible to remove residual molecules using an inert 
gas purge step at relatively high pressure. In place of a purge step, we pump down the chamber 
for a relatively long time (7-10 min) after each dosing step to eliminate residual molecules. At 
shorter pumping times, injected precursor and residual water can be simultaneously present, 
which deposits additional film by unintentional CVD. The substrate is Si (100) wafer with native 
oxide. The growth temperature ranges from 165–240 °C. 
Both Mg(DMADB)2 and H2O are kept at room temperature in glass containers. The 
molecules are regulated by needle valves and enter the chamber through separate stainless steel 
tubes with inner diameter of 0.41 cm. The inlets point towards the chamber wall in order to avoid 
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line of sight delivery to the substrate; thus the pressures above the substrate are equal to the 
average partial pressures measured by a capacitance manometer.  
Film thickness and growth rate are estimated using in-situ spectroscopic ellipsometry (SE) 
at a fixed incident angle of 70°, with WVASE32 as the control-analysis software. SE can detect a 
film thickness change down to ~ 0.01 monolayer [13,14] and has been used to study the ALD 
growth of Al2O3, HfO2, Er2O3, TiO2, Ta2O5, and TaNx [1,15-22]. The optical model consists of Si 
substrate and MgO film as the top layer; the thickness of the MgO is the only fitting parameter. 
According to AFM study, the film roughness is on the level of 0.5 nm, so in the model the 
roughness layer is not included. The dielectric constant for a 30 nm film is determined from ex-
situ variable angle SE using the Cauchy equation, n(Ȝ) = A + B/Ȝ2 + C/Ȝ4, which is suitable for 
dielectric materials [23]. The thickness of this film is also determined by cross-sectional SEM. 
These calibrations enable in-situ SE to determine MgO film thickness within ± 5%. The average 
growth rate per cycle is calculated from the thickness increment over multiple cycles. However, 
the optical properties of the adsorbates are unknown and undoubtedly different from those of 
MgO. Therefore, during the dosing steps, the instantaneous changes in the SE signal do not 
represent film thickness, but are (admirably) sensitive to the adsorption of precursor and oxidant, 
and the removal of ligand groups during the reaction. The cycle-to-cycle shift is, however, due to 
the real MgO thickness. Post-growth analysis is performed using XPS and RBS. Prior to XPS, 
the sample surface is cleaned by 3 minutes of Ar+ sputtering.  
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6.3  Result and Discussion 
6.3.1 Growth Kinetics 
An ALD sequence at 200 °C consisting of 180 s Mg(DMADB)2 dose, 400 s pumping, 1 s 
water dose, and 600 s of pumping strongly modulates the SE signal (Fig. 6.1). The sharp increase 
at the onset of the Mg(DMADB)2 pulse is due to the species adsorbed on the growth surface; the 
SE signal saturates in the middle of the pulse at 3.6 mTorr, corresponding to saturation coverage. 
In the pumping phase after the pulse, the optical thickness decreases by ~ 30% due to the slow 
desorption of the adsorbates. With longer pumping the optical thickness levels off, showing the 
stable saturated adsorption. This During the water pulse, the precursors’ ligands react with water 
and desorb, the surface becomes covered with hydroxyl groups, and the net optical thickness 
decreases. For multiple cycles, the optical response is very consistent; the growth rate is ~ 2.2 
Å/cycle (Fig. 6.2). 
The growth rate per cycle vs. Mg(DMADB)2 pulse length increases linearly up to 20 s, 
then more slowly, and saturates for doses over ~ 60 s (Fig. 6.3). The Mg(DMADB)2 dose at 
saturation is ~ 2.2×105 L. The growth rate per cycle vs. water pulse length is saturated even at 
the shortest pulse used, 1 s, corresponding to a dose of ~ 1.2×104 L (Fig. 6.4).  
The growth rate is very stable at ~ 2.2 Å/cycle in the temperature range 165-240 °C, 
using the pulse sequence of Fig. 6.1. Above 210 °C the growth rate increases, reaching 5.9 
Å/cycle at 240 °C; thus the nominal ALD temperature window is 165-210 °C. 
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6.3.2 Film Properties 
A 40 nm thick MgO film deposited at 200 °C appears very smooth and featureless in 
cross-sectional SEM (Fig. 6.6), and the rms roughness of 0.9 nm determined by AFM is 
comparable to that deposited with CVD [12]. XRD ș-2ș measurements (not shown) give no 
indication of crystallinity. The amorphous structure is consistent with results for CVD deposition 
using this precursor [12], and with MgO grown by CVD or ALD using other precursors below 
400 °C [24-26]. 
The refractive indices by variable angle SE are slightly lower than those for bulk 
MgO[27]. The data are consistent with a physical density 90% of the bulk value, calculated using 
the  Bruggmann effective medium approximation [28]. 
XPS analysis, based on integrated peak intensities and handbook sensitivity factors, 
indicates an atomic composition of 53% O, 36% Mg, 9% B and 2% Ar due to sputtering (Fig. 
6.8). RBS indicates an atomic ratio Mg/O = 69 ± 1% (Fig. 6.9), in excellent agreement with XPS 
result of 68%. We interpret that B comes from the precursor ligand via one of two routes: (i) the 
reaction byproduct H(DMADB), which is inefficiently pumped away under our conditions, may 
have a non-zero rate of dissociation with the film surface; or (ii) high temperature reactions may 
occur on the hot filament behind the sample holder, and unknown products reach the growth 
surface. The large fraction of oxygen, and the shift of the B peak position to 193 eV, are 
consistent with B incorporation as an oxide. We suggest that future work include high-resolution 
scans of the O and B peak shapes to resolve this point. Better, of course, would be to eliminate B 
incorporation by efficient pumping after the ALD dosing cycle or by using a hot-wall reactor 
without hot spots.  
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6.4  Conclusion 
MgO films have been deposited by ALD using the new, high vapor pressure precursor 
Mg(DMADB)2 with H2O as the oxidant in the temperature window 165-210 °C. The growth rate 
per cycle is ~ 2.2 Å, the highest reported among all magnesium containing ALD precursors. The 
deposited film is amorphous with a very smooth surface. The film density is 90% that of bulk 
MgO, and contains ~ 9 at. % B as an impurity, likely in the form of oxide. This B may result 
from incorporation of a by-product species. We anticipate that a standard hot-wall ALD system 
with laminar flow of purge gas would reduce or eliminate the B contamination. 
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6.6  Figures 
Figure 6.1. Thickness change according to Spectroscopic Ellipsometry, during one MgO ALD 
cycle at 200°C. Below is the corresponding chamber pressure during each of the dosing and 
pumping steps. The timing sequence is 180 s Mg(DMADB)2 dose, 400 s pumping, 1 s water 
dose, and 600 s of pumping. 
114
Figure 6.2. The fitted thickness change from in-situ Spectroscopic Ellipsometry for multiple 
MgO ALD cycles at 200 °C.  
115
Figure 6.3. The saturation curve for Mg(DMADB)2 with a time sequence of Mg(DMADB)2 x 
seconds – pumping 400 seconds – water 1 second – pumping 600 seconds, showing the saturated 
growth rate at 200 °C is about 2.2 Å/cycle. 
116
Figure 6.4. At 200 °C, growth rate does not change with varying water pulse length, indicating 
that water pulse of 1 s is sufficient for saturation. 
117
Figure 6.5. Saturation growth rate for Mg(DMADB)2 + H2O ALD process as a function of 
substrate temperature, with the ALD cycle composed of Mg(DMADB)2 dosing of 180 s followed 
by 400 s pumping and 1 s H2O dosing and 600 s pumping. The growth rate within the 
temperature window 165-210 °C stabilizes at ~ 2.2Å/cycle. 
118
Figure 6.6. Cross-section SEM image for MgO film on Si substrate. 
119
Figure 6.7. Refractive indices for the MgO film deposited with ALD method. For comparison, 
the refractive indices for bulk MgO is also shown. 
120
Figure 6.8. XPS spectrum for ALD MgO sample after 2 minutes of sputtering, with all major 
peaks labeled. Based on the integrated area covered by each peak, and the relative sensitivity 
factors, the composition of the film is found to be O 52.8%, Mg 35.6%, B 9.3%, and Ar 2.3%. 
121
Figure 6.9. RBS spectrum for ALD MgO film; arrows indicate the surface energy position for 
each element. The integrated peak areas correspond to an atomic composition ratio Mg/O = 69 ± 
1%.
